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Part One

THEORY AND EXAMPLES

I._INTRODUCTION

The scattering of electromagnetic waves by a body can be controlled
by impedance loading of the body, either by lumped loads or by continuous
loads. The general problem has been discussed by Schindler, Mack, and
Blacksmith [1]. Methods are available for the analysis of lump loaded
scatterers [2]) and of continuously loaded scatterers [3]. A synthesis
procedure for controlling the electromagnetic scattering by continuously
loading the body is also available [4]. It makes use of the theory of
characteristic modes of a conducting body [5,6). Similar modes for an N-port
scatterer have been defined and used for the analysis of lump loaded scat-

terers [7].

This report gives methods for synthesizing loaded N~-port scatterers
to obtain desired scattering patterns or to optimize the radar cross
section, The geometry of the scatterer i1s assumed known and the loads are
chosen to control the scattering. The theory makes use of the characteristic
modes of loaded N-port scatterers. By a procedure called modal synthesis we
can make any set of real port currents a resonant mode of the scatterer. If
this resonant mode is the principal contributor to the scattered field, then
its field pattern will be essentially the scattering pattern of the loaded
scatterer. To synthesize a desired scattering pattern, we first determine
the real port current whosé field pattern approximatee the desired pattern,
and then we resonate it. The analogous procedure is used to optimize the

scattering cross section,



II. BASIC THEORY

The analysis of loaded N-port scatterers is discussed in reference
[7). The theory is expressed equally well in terms of either impedance
parumeters or admittance parameters. A summary of the basic theory is

given here.

Consider an N-port scatterer loaded by N lumped impedances, or,
more generally, by an N-port lcad network. The total field E is the sum
of the impressed field E}, due to sources external to the scatterer, plus
a scattered field Er, due to current induced on the scatterer. In the

open~circuit impedance formulation, the scattered field is given by (7]

8 ocC ~oeC =130C
B - B - EUz 4 27 @

Here [Zs] and [ZL] are the port impedance matrices of the scatterer and
load, respectively, Ve
ifc is8 a row matrix of the fields radiated by unit current sources at the

ports, and Ezc is the fleld scattered when all ports are open circuited.

€ 1s a column matrix of the open circuit port voltages,

For a modal analywis, we change the basis to one which diagonalizes

[zs + ZL]. In particular, we choose as a bagis the eigenvectors Tn of

f =

.x]”fn xn[Rﬁn (2)
where [X] and [R] are the Hermitian parts of [Zs + ZL], assumed to be
symmetric. The advantages of this choice are:

(a) All eigenvalues An oand eigenvectors Tn are real. (More

generally, the fn can be equiphacal.)

(b) The eigencurrents In form an orthonormal set with weight [R],

that 1is

Im[Rﬁn -5 (3)



(¢! The eigancurrents Tn form an orthogonal set with respsct to
IX), that {se

Imlxﬁn -5 A (4)

(d) For a loss-free loaded scatterer, the eigenfields g(fn) form
an orthogonal set over the sphere at infinity, that is

1 -+
- * . -
- Cﬁ)g(rm) Ed )ds = 6 (5)
Se
Here gjfn) denotes the field radiated when the eigenvector Tn exists at

the scatterer ports.,

When the eigencurrents Tn are chosen as a basis, the solution (1)

reduces to
~ 20¢
N 1V
8 _ zOC _ n
E=E - I oy Ed) (6)
n=1 n

Many examples of the use of (6) for analysis are given in reference [7].
If the scatterer is electrically small or intermediate in size, only a
few of the eigenvalues An are of small magnitude, even though there may
be many ports. Hence, in a modal solution, only a few of the modes may
be required for good accuracy. A mode having An = 0 is said to be in
resonance. In many cases only that mode which is at or near resonance

contributes significantly to the scattered field.

The dual short-circuit admittance formulation for the scattered
field is [7]

‘&8 - EBC

~gc =]l2*8c
E -g‘\ [Ys-l-YL] 1 (7)

Here [Ys] and [YL] are the port admittance matrices of the scatterer and

load, respectively, Tsc is a column matrix of the short circuit port



A

currente, gfc is a rov matrix of the f{ields radiated by unit voltage sourcas
at the ports, and E;c is the field scattered vhen all porte are short cir-
cuited. For a modal analysis, the basis is changed to one which diagonalizes

[YS + YL]. In particular, we choose as & basis the eigenvectors Vn of

(BIV_ = u [6IV_ (8

where (B] and (G] are the Hermitian parts of [YS + YL]. The advantages of
this choice are dual to those listed (a) to (d) above. Finally, when the

eigenvoltages 6n are chosen as a basis, (7) reduces to

8 8cC N Av,l'l-isc =
E-B - 1 nn B ®
n=l1 n

Both (6) and (9) are exact formulations of the problem, and either may be
used for analysis. However, our synthesis procedures usually involve

approximations, in which case (6) and (9) may icad to different results,

III. MODAL SYNTHESIS

In this section the general concept of modal syntheuis is discussed.
Any real port current (or voltage) can be made an eigencurrent (or eigen-
voltage) of the loaded scatterer by choosing the proper load. The procedure

is called modal resonance if the eigenvalue of the synthesized mode is zero.

In general, an eigencurrent must satisfy (2) where [X] = [xs + xL] and
[R] = [RS + RL]' Rearranging this equation, we have

(X, - AR )T = - [x, - RG] (10)

Both [XS] and [RS] are determined by the scatterer geometry, and hence are
fixed. If we specify a real T and a real A, then (10) becomes a set of
linear equations for determining the elements of [XL] and [RL]' In general




there are more unknowns than equations, and hence the solution is not unique.
We can choose the load network to be loss-free, in which case (10) reduces

to

[xL)T - - [xg - Mlsﬂ (11)

The solution is stil]l not unique in general. We can always choose the load

network to be diagonal, that {s

[} = [d1ag X ] (12)

In this case the diagonal elements are found from (1l1) as

1 -
x1 - 11 ([xs - ARs]I)1 (13)

Here ( )1 denotes the i-th component of the znciosed column matrix.
Finally, if we wish to resonate the current f, wve choose A = 0 and (13)

reduces to

1
X, = - Ti- (%] T)1 (14)

A resal port current may also be resonated by nondiagonal load matrices
[ZL].
The above discussion applies in the dual sense to port modal

voltages. Analogous to (10), the basic equation to satisfy is

(B, - ucLﬁ - - (8 - ucsﬁ (15)

Again the scatterer geometry determines both [Gs] and [Bs]. 1f we specify

a real V and real u, then (15) becomes a set of linear equations for de-
termining the elements of (GL] and [BL]' Again there are more unknowns

than equations, and the solution is not unique. Specializations of (15)
analogous to (11) through (14) can be made according to duality. In par-
ticular, for resonance by a loss-free diagonal load matrix [YL] = j[diag Bi]’
ve have dual to (14)




1 >
B, =~ -‘Z ((8,1V), (16)

A real port voltage may also be 1esonated by nondiagonal load matrices
[YL] L]

IV. PATTERN SYNTHESIS

In this section we consider synthesis procedures for determining the
real port current 1 (or port voltagze V) whose radiation field pattern approxi-
mates a desired field pattern. The method developed for general surfaces [4]
can be used for N-port scatterers with only minor changes in the theory. How-
ever, this synthesis procedure requires the desired field pattern to be speci-
fied in both magnitude and phase. For most applications the phase of the
field pattern is unimportant, and better approximations can be obtained by
specifying only the magnitude of the field pattern. This is especially true
for our prcblem because of the constraint that the port current be real. We
will develop the theory in terms of N-port systems, but it also applies to

surfaces, such as considered in reference [4].

The problem is one of mixed antenna synthesis, as defined by
Bakhrakh and Troytskiy [8]. The method of solution is similar to that
used by Choni [9]. We desire to obtain the real port current T whose
radiation field E approximates in magnitude a real pattern F on the radi-
ation sphere. Let E" denote a component of E at point m on the radiation
sphere, and F the corresponding component of F at the same point. Given

M p.ints, we define the error of synthesis to be

M
e= ]

2
|E"| - F“‘| (17)
m=1

Next, let {Tn} be a basis of real port currents, and express the port

current as

I=V oi (18)



where an are real corstants to be determined. The radiation field of T is

N
E = a E (19)
- n™n
n=1
where En is the radiation field produced by the corresponding Tn' In terms

of (19), the error (17) becomes

M N - o 2
€= mzl nzl anEn - F (20)

We wish to determine the real an which minimize ¢. It is sometimes con-
venient to use fewer basis functions than ports, in which case the N of
(18) to (20) is the number of basis functions instead of the number of

ports., =

To circumvent the troublesome inner magnitude operation in (20),

we first consider the more general function
2

N -
z oE -F e "
=] B0

- M
e(@,B) =

m=1

(21)

This 18 the error function used when the desired field pattern is specified
both in magnitude F and in phase B. Hence, for Bm fixed, the L for mini-
mum € are given by the analysis of reference [4]. When the a are fixed
the minimum € is obviously obtained when both quantities within the magni-

tude signs of (21) are in phase for each m, or

N
m
Bm = angle of nZ1 @ En (22)

Because (21) is more general than (20), its minimum is less than or equal
to that of (20). But under condition (22), the € of (21) is equal to that of
(20). Therefore (20) and (21) have the same minimum.



An iterative procedure for minimizing (21) proceeds as follows:
1. Assume starting values for 81.82....,BM.
2. Keep the Bm fixed and calculate the a which minimize
€ according to the theory of [4].
3. Keep the a fixed and calculate the Bm which minimize
€ according to (22),
4. Go to step 2.

This procedure eventually converges because steps 2 and 3 cannot increase €.

While the procedure obtains absolute minima in a space and in 3 space, it
does not necessarily obtain the absolute minimum in the catenated space
(3.5). The procedure in general converges to a stationary point, usually
a local minimum, which may or may not be the global minimum.

We now describe steps 2 and 3 in more detail. When B 1s constant,
e(Z.E) is quadratic in 2 and thus has only one stationary point. This is
the absolute minimum located at [4)

3 = [Re(¥*E) )" (Re(¥rrel?)) (23)
where the matrices are
m
E = () (24)

j8
chs - [ch n] (25)

Mx1

When a is constant, we adjust the phase B according to (22). An alterna-
tive way of expressing this is
18 (Ea)
-—2 (26)
| (Ea) |
wvhe.e (EZ;)m denotes the m-th component of the column vector Ea. Note
that, since only the exponential (26) is used in the iteration pro-

cedure, we need never calculate the Bm’



The synthesis pr.cedure in terms of port voltage v is the same except
for a change in definition of various quantities. Instead of (18), we ex-

press the port voltage as

N
Ve ) oV (27)
nn
n=1

where {3n} is a real basis and a are real constants to be determined.
Equation (19) remains the same, except En is the radiation field produced
by the corresponding Vn. The rest of the theory applies unchanged.

V. EXAMPLES - PATTERN SYNTHESIS

The theory is applicable to a large variety of problems, and even when
the problem is specified there still remains the choice of the formulation
(open-circuit or short-circuit) and of the basis functions. For the geometry
ve choose the wire triangle with two cross wires shown in Fig., 1. This 1is
the same object used in the previous report on modal analysis of N-port sys-
tems [7]. The tip angle is 30°, the parameter a is one wavelength at a fre-
quency fo’ and the wire diameter is a/100. The four points at which the wires
cross the z axis are input ports, labeled (1), (2), (3), and (4). All com-
putations are made using 38 :riangle functions in a Galerkin solution. (The
computer input data is given in Part two, Section II of reference (7].)

The magnitude of the pattern chosen for synthesis is

F‘ = |cos 6] 1n the x=0 plane, (28)

Py |cos 6] 1n the y=0 plane. (29)

Twelve points are chosen for the least-squares pattern synthesis as follows:

Fot PO in the x=0 plane,

8 = 0, 30°, 60°, 90°, 120°, 150°, 180° (30)
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Fig. 1.

Wire triangle with cross wires, tip angle = 30°,
a = one vavelength, wire dismeter = a/100.
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and for Fe in the y=0 plane,

o = 30°, 60°, 90°, 120°, 150° (31)

The pattern functions F, at 0 and 180° in the y=0 plane are the same as

0

F¢ at 0 and 180° in the x=0 plane, and hence are nct included in (31). The
phase angles of the fleld were chosen to be zero at all points in the first

iteration of the pattern synthesis procedure.

For the first example we use port currents as the basia for pattern
synthesis. To illustrate convergence, first one, then two, then three and
finally four port currents are used. They are added in the order in which
the ports are labeléd in Fig. 1. This order is arbitrary, and any other
order could be chosen if desired. Figure 2 illustrates the results of this
synthesis procedure. The 80lid curves show the magnitude of the synthesized

E¢ and Ee in the x=0 and y=0 planes, respectively, and the crosses show the
desired field magnitudes. The port currents for the final synthesized pat-
tern are

I1 = 0.3428

12 = 0.2923 (32)

13 = -0,.1048

Nota that there is little change between the synthesized patterns of Fig. 2c
and Fig. 2d. This 1s reflected in the rclative smallnass of I‘ above. Hence,
for this particular synthesis approach, one can do almos’ as well bty using
only three ports and lerving the fourth one open circuited. It is to de
esphasized that the synthesis procedure is an optimum seeking one, usually
having several local optima. Hence, starting from different initial phasas
for the field, or using a different order of iteration, ve may arrive at i
different fina) synthesis.
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(a) one port current (b) two port currents

(c) three port currents (d) four port currents

Fig. 2. Field magnitude pattern synthesis using real port currents
as a basis. Crosses denote the desired pattern. Curves
labeled E:‘

denote |B.| in the x=0 plane. Curves labeled
!ye denote Izel in the y=0 plane.
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Once tﬁg desired real port currents are obtained, they can be resonated
by the procedu e of Section I1I, This has been done for each of the synthe-
sized patterns of Fig. 2. Since port currents were used as a basis, this
means that in Fig. 2a a reactive load was placed only at port (1), in Fig. 2b
at ports (1) and (2), in Fig. 2c at pores (1), (2), and (3), and in 7ig. 24
at all four ports. It is understood that ports at which no reactive load ie
placed are open circuited. The resultant scattering patterns are shown in
Fig. 3. The plots are in terms of /0/), since this is the {eld magnitude
vhich was used in the synthesis procedure. In wach ase the¢ incident wvave
is an x~polarized plane wvave propagating in the t-direction (incident on the
30° tip angle). Note that the scattering patterns of rige. la, 3b, 3¢, and
3d are similar to the synthesizad patterns of Figs. 2a, 2b, 2¢, and 24, re-
spectively. The degree to vhich the scaitering patterns are the same as the
synthesized patterns depends upon the smallness of the "background scattering,”
that is, of the Egc term in (6). In the present problems, for the open-circuited
scatterer of Fig, 1,

0/22 = 0.0177 (33)

In contrast 0/A% is of the order unity for the loaded scatterer. Hence, our
€ tern is small is fully juetified (n this case. The
reactive loads used in the final losded scatterer (Fig. 34) sre

assumption that the 58

x — lwoJ

- - 546.7
(34)

»
[ ]

>
L}

47,370,

Note that 16 is large, indicating that port (4) is almost an open circuit.

It 1s an open circuit in the scatterer of Fig. lc, dut the other loads are

then slightly different from those of (34). This agein {ndicates that port
(4) is relatively unimporcant for this particular synthesis procedure.
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(a) one port current

4
..-—---+-n

I
Z

(c) cthree port currents

s M

(Y
)

(b) two port currents

i

g

(d) four port currents

Pig. 3. Bietatic scattering patterns (v/0/)) for the wire object of

Pig. 1 loaded to resonate Lhe port currents vhich synthesize

the patterns of Fig. 2.

tion in the x=0 plane.

tion in the y=0 plane.

Curves labeled x¢ dencte ¢ polariza-
Curves labeled y6 denote 0 polariza-
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In most practical applications one seeks scatterers having desirable
scattering characteristics over some reasonably broad frequency band. The
synthesis procedure is basically a single frequency rne, with no consider-
ation given as yet to variation with frequency. Aes an indication of fre-
quency sensitivity, we have calculated the backscattering cross section
per wavelength squared (0/A2) vs. frequency over the range f = 0.8f° to
1.2fo. where fo is the design frequency. Figure 4 shows curves for the
same loaded scatterers as considered in Fig. 3. In each case the load is
congidered to be an inductance if xi is positive at fo' or a capacitance
if xi is negative at fo. Note that even the singly-loaded case, Fig. 4a,
Hence, we conclude that

(Any

has considerable variation of /A2 vs. frequency.
our synthesized loaded scatterers are relatively frequency sensitive.
non-smoothness of the frequency plots are due to relatively large incre-

ments in frequency used over parts of the frequency range.)

The same synthesis problem is next treated using the modal currents
of the open-circuit formulation as the basis. Qualitatively speaking, we
expect the modal currents corresponding to the smaller eigenvalues to have
broader band characteristics. Hence, if only currents with small eigen-
values are usead, structures with broader band characteristics should result.
To test this hypothesis, ve added the modal currents in the order of in-
creasing msgnitude of eigenvalues. These mode eigenvalues and eigencurrents

(normalized to maxisum value unity) are tadbulated in the folloving tabdle.

Tadle 1. Eigeavalus: ‘n snd eigencurrents Tn for the
vire object o’ Fig. 1.

n xn Pore (1) Port (2) Pore (3) Port (4)
1 °°.1552 -0013” 00‘326 0-8619 1.0000
2 -10.12 -0.6078 1,0000 0.8054 -0,6458
k] -5C. 54 1.0000 -0.5374 0.0137 0.0740
4 816.4 0.5441 1.0000 -0,.2839 0.0778




16

10. T 10, 7
(7/A2 O/Az
1 - 1. 1
0.11 011
\_\_‘_________._.-
_n—._'_'_-
a.014 0.011
0.001 + Fg—___qqh\\J 0.001 1
0.0001 4 0.0001 $
+ ' t t ! ' + + ' 4
0.8 0.9 1.0 1.1 1.2 0.8 0.9 1.0 11 .2
f/f
/ ) f/fo
(a) one port current (b) two port currents
10. 10.
o/r2 ] a/)?
1.4 1t
‘e 0.}
e \
\ E I\
)% ¢ O.Jl ¢ i 3
0.001 ¢ 0.001
0.0001 4 0.0001 4
?
+— + + + — + + + —
0.8 0.9 1.0 Llf/ 1.2 0.8 0.9 1.0 1.1 1.2
fo (4 f/fo
(c) three port currents (d) four port currents

Fig. 4. Backscattering (a/22) va. frequency (f/fo) for the same loaded
scatterers as Fig. 3.
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(a) one mode current

(c) three mode currents

17

{b) two mode currenta

(d) four mode currents

rig. S. Field magnitude pattern synthesis using real mode currents

ss & basis. Crosses denote the desired pattern. Curves
labeled !x. denote |!.| in the x=0 plane. Curves labeled
zye denote |!e| in the y=0 plane.

‘Ix -4 '."..‘ E———
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]
L

Oy
NUZAS.

(a) one mode current (b) two mode currents
i 4
+ ~7TS
’ I\
I'r‘f rl r
| 4
]\_\ ': — " f‘l
e —— 7 - 1\ 1
I. |
. \ v / /
| -~ N /
(c) three mode currents {(d) f{cur mode currente

Fig. 6. Bistatic scattering patterne (/a/1) for the vire object of
Pig. 1 loaded to resonste the port currents vhich synthesize
tha patterns of Pig. S. Curves labeled x¢ denote ¢ polariza-
tion in the x=0 plane. Curves labeled y0 denote 0 polariza-
tion in the y=0 plane.
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We used first one, then two, then three, and then all four eigencurrents in
the synthesis procedure. The results are shown in Figs. 5a to 5d, respec-~
tively. Again the solid curves are the magnitude of the synthesized E0 in
the x=0 plane and Ee in the y=0 plane, while the crosses are the desired
field magnitudes. The synthesized pattern using only one basis functicn,
Fig. S5a, i{s just the pattern of the single mode current il' This mode has
components of current at all ports, as shown in the first row of Table 1.

In fact, each synthesized pattern, Figs. Sa, 5b, 5c, 54, now results from
currents at all porte. The final synthesized pattern, Fig. 5d, is the same
as the final synthesized pattern using port currenis, Fig. 2d. However, the
final patterns in the two cases do not necessarily have to be the same, since
the synthesis method is iterative and may arrive at a different local opti-

sum point.

Again, once wve have a desired real curreant it can be resonated by
the procedure of Section III. The currents producing each of the synthe-
sized patterns of Fig. 5 have been resonated in this way. This nov involves
placicg a reactive load at each port {n each case. The scattering patterns
for the reactively loaded scatterers ar: shown in Fig. 6. As before, these
plote are of /o/i, which is field magnitude as used in the synthesis pro-
cedure. The incident vave in each case is x-polarized and z-propagating.
Again, note that the scattering patterns of Figs. 6a, 6b, 6¢c, and 64 are
similar to the synthesized patterns of Figs. S5a, 5b, 5c, and 5d, respec-
tively. The reactive loads used in the final case are essentially the same
a8 (34), oince ve & .ived at the same optimum point. Note that each scat-
terer of Fig. 6 involves loads at all ports. This is in contrast to the
preceding case vhere only one load vas used in Fig. 3a, two in Fig. 3b,
and three in rig. dc.

We next vish to demonstrate that broader band behavior results
vhen a partial modal basis is used for the current. Figure 7 shows
gTaphs of backscattering a/2? vs. frequency for the loaded scatterers
of Fig. 6. Again the load is considered to be an inductor if X 1is

i
poeitive at ‘o' or a capacitor if Xi is negative et fo' Note that the
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Fig. 7. Backscattering (0/22) vs. frequency (f/fo) for the same loaded

scatterers as Fig, 6.



single mode case, Fig. 7a, gives extremely broadband scattering. The two
mode case, Fig., 7b, is still relatively broadband, the three mode case,
Fig. 7c, less so, and the four mode case, Fig., 7d, quite narrow band. The
four mode case is, in fact, identical to Fig. 4d, the final design being

the same.

Other bases for the current can be used in the synthesis procedure.
For example, the mode currents for some particular loaded structure can
be used [7]. For the broadest band behavior, we can use the Q mode cur-
rents, defined in a manner analogous to that for complete conducting bodies

[4]. 1In particular, the Q mode currents Tn are defined by

wlx" 1T = o [RIT (35)

where [X'] is the anjular frequency derivative of the port matrix [X].

For computation, we used a finite difference approximation to [X']. The

Q mode currents are then obtained from (35) by the same method used to
solve (2) for the ordinary mode currents. It turns out that, for the
particular scatterer of Fig. 1, the Q mode currents did not differ greatly
from the ordinary mode currents. The eigenvalues Qn are different, but the
ordering according to magnitude of Qn remained the same as for the An eigen-
values. Hence, computations using Q mode currents were similar to those of
Figs. 5 to 7. Plots of the resulting synthesized patterns and scattering
are therefore not shown explicitly. Suffice it to say that the scatte.ers
of Figs. 6 and 7 are, for most practical purposes, the broadest band ob-

tainable.

A set of curves similar to Figs. 2 to 7 has been prepared using the
short-circuit formulation and port voltages. The results are qualitatively
similar, except that the correspondence of the scattering patterns for loaded
scatterers to the corresponding synthesized patterns is not quite as good.
This is because the "background scattering" for the short-circuited scatterer,
that 1is, the Egc term in (9), is not as small as the analogous Egc term in

(6). In fact, for the short-circuited scatterer of Fig, 1,

Ay
X
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o/)2 = 0,2011 (36)

which 1s significantly larger than (33) for the open—-circuited scatterer.
For reference, the curves for the short-circuit formulation are given in
Appendix A, These correspond to Figs. 2 to 7 for the open-circuit formu-
lation., Finally, so that the reader can compare the behavior of loaded
scatterers to the same scatterer unloaded, plots of the open-circuited and

short-circuited backscattering o/22 vs. frequency are given in Fig. 8.

Vi. MAXIMUM RADAR CROSS SECTIUN

Another problem of interest is that of maximizing the radar cross
gsection of a loaded scatterer. In terms of the open-circuit modal arzlysis,
the bistatic radar cross section is given by (7, Eqs. (69) and (74)]

r t|2
g = w?y? FC 4 ¥ .GL.:“. (37)
4 |70 1+
n=1 n

Here Fgc is the term due to scattering by the open-circuited scatterer,
and a: aund a: are mode excitation coefficients for the n-th mode due to
excitation from the receiver and transmitter, respectively. It is desired
to reactively load the scatterer to resonate a port current (Al = 0) such
that its contribution 1s the only significant term in (37). Then

2
2,2
W r t 38
o8 —fa, oy (38)
We here consider only the case of backscattering, whence o = at. The

1 1
coefficient aI is given by [7, Eq. (55)] with the port current normalized

according to T*(R]T = 1. A formula for |a§|2 which is insensitive to the
amplitude of T 1s therefore

o= lay P m e (39)

TR % RS
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where V°¢ 1s the cpen~circuit port voltage produced by a unit plane wave
from the receiver. The problem is now to find the real port current ji
which maximizes (39). Once the desired 1 1s found, it can be resonated
by the method of Section III.

The parameter p is also proportional to the power gain g of the
current 1, the explicit relationship being [10]

2
g =500 40)

Hence, maximization of radar cross section 18 equivalent to the maximiza-
tion of gain, but with the restriction that i is real. In the more general

cagse of bistatic scattering, (38) can be written as
A2 rt
o grg (41)

where gr and gt are the power gains in the directions of the receiver

and transmitter, respectively. Thus, maximization of bistatic radar cross
section is equivalent to maximizing the product of two gains, again with
the restriction that I is real. The relationship (41) was previously de-

rived for one-port loaded scatterers in reference [2].

The optimization of Rayleigh quotients of the form (39) when 11s
restricted to the real field is considered in reference [4]. In this case

the maximum p 1is

o = Re(V°%) [R]"L{Re W°C) + ¢ Im(V°S)} (42)

and the associated port current is

i~ (R L{Re@°%) + ¢ Im@°%)} (43)

In (42) and (43), c is chosen to give the larger P from the two numbers

c=-a+/a?+1 (44)
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where

o = RelP*CIRI IR @) - 1@ [R]™ 1 @°%)
2 Re (V%) [RI™! (%)

(45)

Even though T must be real (or equiphase) for (39) to be valid, it is of
interest to compare the above result with the maximum p that could be ob-
tained 1if 1 were complex. This problem is treated in reference [10], the
maximum p being

*
p, = TCIRIIVO (46)
and the associated port current being
FE 3 I (47)

It has been shown that the maximum p for real port currents is at least
one-half that for complex port currents, and the two cases- are equal 1if
V°¢ 18 equiphasal [4],

The analysis can alternatively be carried out in terms of short-
circuit parameters and port voltages. In this case the appropriate
starting formula is [7, Eqs. (74) and (76)]. It is now desired to sus-
ceptively load the scatterer to resonate (ul = 0) a port voltage such
that it is the only significant term in the bistatic radar cross section

formula. Analogous to (38), we then have

2,2

l’

B l (48)

where B and 8 are the mode excitation coefficients for the resonant
mode. Again we consider only the case of backscattering, whence B - B
The coefficient B is given by [7, Eq. (63)], with the port voltage norma-
lized according to V*[G]V = 1, Therefore, analogous to (39), we have
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2. [y1ee|2

o= |8y|° ==
1 Yr[c)V

(49)
where 1% 1s the short-circuit port current produced by a unit plane wave
from the 1eceiver. The problem is now to find the real port voltage V which
maximizes (49). The maximization procedure is identical to that used in the
preceding case, except for an interchance of symbols. Hence, if we replace
yeoe by isc. 1 by V. and [R] by [G], equations (42) to (47) remain valid in
the present case. Once the desired real v is obtained it can be resonated
by the methods of Section III. Because of *he approximations involved, the
solution in terms of V will not give exactly the same radar cross section

as the solution in terms of T, but the two cross sections are usually very

close.

We can think of the preceding solution as the maximization of p when
i (or V) is expressed in terms of the port basis. It ir of interest to con-
sider the solution when an arbitrary basis is used, or even when an incom- ‘
plete basis is used. To accomplish this, letl{in} denote a real basis and

let _
., ¥ |
I= 11 oi (50) !
el 0

where the an are real constants to be determined. Then

N
e | o ¥V = 3i°C (51)
=) nn

where % 1s a row vector of the @ and 0°¢ 15 the new voltage vector

vOE - [T V€ (52)
Here [i;] is the matrix with rows equal to ?;. Similarly,

N N
Tx(r)T = D) a;?;[R]Tnan

m=]l n=1

e ¥[R)a (53)
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where [R] is the new resistance matrix with elements

Rmn - Im[R]In (54)

In terms of the new basis, the p of (39) becomes

— (55)

which is again the same form as (39). Hence, the optimization of p pro-
ceeds as before, The theory also remains valid if the basis {Tn} is

incomplete. In this case the N of the above equations becomes the number
of basis functions instead of the number of ports. A change of basis for

the solution in terms of port voltages is accomplished in a similar way.

VII. EXAMPLES - MAXIMUM CROSS SECTION

Representative computations of maximum rcdar cross section have been
made for the 4-port wire object of Fig. 1. Again the choices of the formu-
lation and of the basis are arbitrary. For the first example we use the
open-circuit formulation and port currents for the basis. Gain is optimized
using first one port, then two, then three, and finally four real port cur-
rents. The ports are added in the order in which they are numbered in Fig. 1,
which is arbitrary. Once the real port currents are found, they are reso-
nated by the method of Section III. This results in a reactively loaded
scatterer which gives approximately the maximum backscattering radar cross
section in the direction that gain was maximized. Table 2 summarizes these
results., The first column shows the ports used in the gain maximization,
which are also those ports loaded when tlie scatterer is resonated. The
second column gives the maximum x-polarized gain in the -z direction for
real currents at the excited ports. The third column gives the x-polarized
backscattering cross section for the resonated scatterer in the -z direction.
In this case, those ports not used in the optimization procedure are open
circuited.
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¢
yo
x$
1 L 1
(a) one port current (b) two port currents

1

(c) three port currents (d) four port currents

Fig. 9. Bistatic scattering patterns (0/2?) for the wire object of
Fig. 1 loaded for maximum gain in the -z direction. Curves
labeled x¢ denct: ¢ polarization in the x=0 plane. Curves
labeled y8 denote 6 polarization in the y=0 plane.



29

fable 2. Maximum gain and backscattering cross section

when port currents are used as a basis,

Ports Used Maximum Gain Cross Section
1 1.017 0.3293 A2
1,2 1.185 0.3322 A2
1,2,3 3.972 5.005 A2
1,2,3,4 4.033 5.160 A2

The bistatic radar cross section patterns (3/A2) for the loaded
scatterers of Table 2 are shown in Fig. 9. The curves labeled x¢
are for the ¢-polarized scattered field in the x=0 plane, and those
labeled y® are for the 6-polarized scattered field in the y=0 plane.
1 When only port 1 is loaded, Fig. 9a, the maximum gain pattern is the same
| as the field synthesis pattern, Fig. 3a. (Note, however, that Fig. 3a 1is
a plot of Yo/, whereas Fig. 9a is of g/A2.) When ports 1 and 2 are loaded,
the scattering pattern is still not very directive in the desired -z direc-
tion., When ports 1,2, and 3 are loaded (Fig. 9¢), the scattering pattern
becomes highly directive in the -z direction. Finally, there is little
improvement over the three port céae when all four ports are loaded, Fig.
9d, The reactive 1loads for this final case are as follows

(56)
X, = - 933.9
X, = "4949-

Note that x4 is large compared to the other loads, which we would expect
since there is little change when it is uvpen circuited. Plots of the gain
patterns for maximum gain, corresponding to Figs. 2 and 5 in the pattern

T
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Fig. 10. Backscattering (0/A2) vs. frequency (f/fo) for the same pg

loaded scatterers as Fig. 9.
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synthesis problem, are not shown., They are similar in form to the correspond-

ing scattering patterns of Fig. 9.

The behavior of the synthesized scatterers over a frequency bandwidth
is also important, just as in the pattern synthesis case. Figure 10 shows
the variation of o/A% vs. frequency over the range f = 0.8f° to 1.2f°, where
fo is the design frequency, for the four cases of Table 2. Again a load is

considered to be an inductor if X, £ is positive at fo’ or a capacitor if xi

i8 negative at fo’ Note that eaci scatterer is relatively narrow band, with
the frequency sensitivity increasing as the number of loads is increased.
Note also that the one-port optimization result, Fig. 10a, is the same as
the one-port synthesis result, Fig. 4a. This is because only one basis

function is used 1in each case.

The gain optimization problem is next treated using the modal currents
of the unloaded body as the basis. These modal currents are again those
listed in Table 1. The currents are added to the optimization procedure in
the order of increasing |An|. just as in the previous pattern synthesis
problem. Again the x-poiarized gain in the -z direction is maximized, and

Table 3 summarizes the results. The first column shows the number of modes
used, the second column gives the maximum gain obtained, and the third }
column lists the back-scattering cross section obtained when the scatterer |
1s resonated. Note that the fourth rows of Tables 2 and 3 are identical

since a complete basis was used in both cases. Also, it should be empha-

8ized that for each case of Table 3 reactive lcads are placed at all ports

in contrast to the case of Tabie 2 where loads are placed only at those

ports used in the basis,

s el SR
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x$

T . |
N 1 i

(a) one mode current (b) two mode currents

e
T

+

(c) three mode currents (d) four mode currents

Fig. 11. Bistatic scattering patterns (0/22) for the wire object of
Fig. 1 loaded for maximum gain in the -z direction. Curves
labeled x¢ denote ¢ polarization in the x=0 plane. Curves
labeled yé denote 6 polarization in the y=0 plane.
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Table 3. Maximum gain and backscattering cross section

vhen mode currents are used as a dbasis

Modes Used Maximum Gain Cross Section
One 0.609 0.1934 A2
Two 1.044 0.4757 A2

Three 1.554 0.5659 12
Four 4,033 5.160 A2

The bistatic radar cross section patterns (0/A2) are shown in Fig.
11 for the loaded scatterers listed in Table 3. The curves are labeled
in the same marner as those of Fig. 9. Again the one-mode case, Fig. lla
(0/:? plotted) is the same as the one-mode synthesis case, Fig. 6a (Y3l
plotted). It is also, of course, just the bistatic scattering pattern ob-
tained by directly resonating the Jominant mode current. The two-mode

case, Fig. 11b, has a significantly higher cross section in the desired minus

z-direction than does the one-mode case. The improvement in backscatter-
ing cross section in the three-mode case, Fig. llc, is small over the two-
mode case., Finally, the four-mode case, Fig. 11d, is identical to the
four-port case of Fig. 9d, since a complete current basis is used in both
cases. Also, the final loading reaciances must be the same for these two
cases. Hence, the loads (56) are also those used 1n'the final four-mode
synthesis procedure.

The broadband behavior of the loaded scatterers listed in Table 3
is summarized by the curves of Fig. 12, The one-mode case is, of course,
the same in the pattern synthesis problem as in the gain optiﬁization
problem, hence Fig. 12a is identical to Fig. 7a. The two-mode case, Fig.
12b, is more narrow band than the one-mode case, but the improvement in
backscattering cross section is significant. The three-mode case, Fig.

2c, is still more narrow band, and the improvement in backscattering
cross section over the two-mode case is only slight. Finally, the four-
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mode case, Fig. 12d, is very frequency sensitive, and, in fact, is identical

to the four-port case of Fig. 10d.

We can use still other bases for gain optimization if desired. Con-
ceptually, the broadest band behavior should result when the Q-mode currents,
defined by (35), are used as a basis in order of increasing IQnI. However,
as noted earlier, for this problem there are no significant differences be-
tween the ordinary mode currents used above and the Q mode currents defined
by (35). Hence, results using the Q-mode currents for gain optimization were
very similar to those of Table 3 and Figs. 1l and 12, and are not shown

separately.

Finally, all of the examples of this section can be run for the dual
formulation in terms of short circuit parameters and port voltages. The
results are qualitatively similar to those obtained using the open-circuit
formulation. However, as noted in the syr -hesis problem, the "background
scattering" for the short-circuit formulat.on is larger than for the opea-
circuit formulation. Thus, neglecting this term is a somewhat poorer
approximation for the particular problem being treated. For reference, the
results for optimum gain and backscattering cross section using the short-

circuit formulation are summarized in Appendix B.

VIII. DISCUSSION

Given an N-port conducting body, any set of real port currents can
be resonzted by reactive loads according to the concepts of Section III,
If the resonated currzat provides the major contribution to the scattered
field, then the reactively loaded object will have a scattering pattern
approximately equal to the radiation pattern of the same object excited
by the given set of port currents. Various synthesis and optimization
procedures can be used to obtain real port currents whose fields have de-
sirable radiation characteristics. In this report we give two such procedures,
one which synthesizes a desired field pattern, and the other which optimizes

power gain.
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The synthesis procedure irwvolves a specification of the radiation
field in magnitude only, and then uses an iterative procedure to de ermine
the phase which minimizes a certain error parameter. The problem is basically
nonlinear, and by using different starting points we sometimes arrive at dif-
ferent ending points (local minima). Some examples of this for the wire

object of Fig. 1 are given in Appendix C.

In the optimization procedure, the power gain is maximized subject to
the condition that the port currents are real. The solution in this case is
unique. When resonated by reactive loads, this maximizes the backscattering
radar cross section under the assumption that only the resonated mode con-
tributes to the scattering. Other modes are usually negligible when che
scatterer is electrically small or of intermediate size, but not if it is
electrically large. There is also a background term present, the term E;c
in the open-circuit formulation (6) or the term‘ggc in the short-circuit
formulation (7). In the first case, Egc can usually be made small if enough
open-circuits are placed on the body. The term Egc is probably harder to
make small in general, since this involves placing short circuits on the body.
Sometimes Egc may be small and Egc large, in which case the open-circuit
formulation should be used. For other bodies the reverse may be true, in

which case the short-circuit formulation is preferable.
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APPENDIX A

PATTERN SYNTHESIS, SHORT-CIRCUIT FORMULATION

The examples of this Appendix are dual to those of Section V. The
wire object considered is the same, Fig. 1, as for the short-circuit
formulation. For pattern synthesis, the magnitude pattern is again given
by (28) and (29). The points chosen for the least-squares solution are
again given by (30) and (31). The first example uses port voltages as a
basis, with convergence i1llustrated by choosing first one, then two, then
three, and finally four ports. ¥Figure 13 shows the results presented in
the same manner as in Fig. 2 for the dual case. The port voltages for the
final synthesized pattern are

V1 = 161.4

V, = 214.4
(57)

V4 = 27.3

Note that the synthesized patterns in each case are considerably different
from the corresponding patterns of Fig. 2. This is because the radiation
fields resulting from voltages applied to ports with all other ports short
circuited are different from those resulting from currents applied to ports
with all other ports open circuited. We should expect the two formulations
to give different synthesized patterns because the space of pattern functions

for real port voltages is different from that for real port currents.

Next the computed real port voltages are resonated by the procedure
of Section III. Figure 14 shows the resulting bistatic scattering patterns

FE A

for when the four cases of Fig. 13 are resonated. For Fig. l4a, we have
a susceptance at port 1 and the other three ports are short circuited, For g
Fig. 14b, susceptances are at ports 1 and 2, and short circuits at ports 3
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(a) one port voltage

(b) two port voltages

(a) three port voltages (d) four port voltages

Fig. 13,

Field magnitude pattern synthesis using real port

voltages as a basis. Crosses denote the desired
pattern. Curves labeled Ex¢ denote |E | in the
x=0 plane. Curves labeled Eye denote TEe] in the

y=0 plane.
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(c) three port voltages

(d) four port voltages
Fig. 1l4. Bistatic scattering patterns (Y5/)) for the wire object
of Fig. 1 loaded to resonate the port voltages which
synthesize the patterns of Fig. 13. Curves labeled x¢
denote ¢ polarization in the x=0 plane. Curves labeled

y6 denote 6 polarization in the y=0 plane.
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Fig. 15. Backscattering (0/2%) vs. frequency (f/fo) for the same

loaded scatterers as Fig. 14.
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and 4.
circuit at the fourth.

For Fig. lé4c, susceptances are at the first three ports, and a short
Finally, for Fig. 14d susceptances are at all four

ports. The loads used in the final case are

B1 = 0.000927

B2 = 0.002884

(58)
B, = 0.001355

)

84 = 0.001246

They are, of course, different for the intermediate cases.

The frequency sensitivity of the synthesized scatterers is illustrated
by Fig. 15. 1
fo it is considered to be a capacitor, or when Bi is negative at fo it is

In each case, when a load B, is positive at the design frequency

Note that the one-port case, Fig. 1lla, happens
The other three

considered to be an inductor.
to be broadband, although we did not design it to be so.

cases, Figs. 15b to 15d, are all relatively narrow band,

The second example of this Appendix uses the modal voltages of the
body as the basis for the optimization procedure. These mode eigenvalues
and eigenvoltages (normalized to maximum value unity) are given in the follow-

ing table.

Table 4. Eigenvalues My and eigenvoltages Vn
for the wire object of Fig. 1.

n v Port (1) Port (2) Port (3) Port (4)
1 0.1552 -0.0205 0.1158 0.6425 1,0000
2 10.12. 0.1904 0.2524 1.0000 -0.9256
3 50.54 1,0000 -0,2887 0.7884 -0.4050
4 | -816.2 0.5313 1.0000 -0.6749 0.2066

Note that the Ky of Table 4 are

equal to -An of Table 1, as proved in [7].
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Fig. 16. Field magnitude pattern synthesis using real mode voltages as

a basis. Crosses denote the desired pattern. Curves labeled
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(c)

Fig. 17,

).
N

(a) one mode voltages

(b) two mode voltages

x4

three mode voltages (d) four mode voltages

Bistatic scattering patterns (Yo/A) for the wire object of
Fig. 1 loaded to resonate the port voltages which synthesize
the patterns of Fig. 16. Curves labeled x¢ denote ¢ polari-

zation in the x=0 plane. Curves labeled y0 denote 6 polari-
zation in the y=0 plane.
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Fig. 18. Backscattering (o/A2) vs.
acatterers as Fig, 17.
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Again the synthesis procedure was run using first one, then two, then three,
and finally all four eigencurrents in the basis. The results are shown in

Figs. 16a to d, respectively. The synthesized pattern using only one basis
function, Fig, 16a, is just the field pattern of the first mode alone. The
synthesized pattern using all mode functions, Fig. 16d, is the same as that
using all port bases, Fig. 13d. This final correspondence is somewhat for-
tuitous, since the two procedures could arrive at different points of local

optima,

The real port voltages are next resonated by susceptive loads accord-
ing to the procedure of Section III. Figure 17 shows the bistatic scatter-
ing patterns when each case of Fig. 16 is resonated. This time there are
susceptances at each port for all cases, regardless of the number of basis
functions. The susceptances used in the"finaL“Qase»,ghgnggggperer for

i ey,

Fig. 17d, are the same as thuse given by (58). This is because we have ...,

arrived at the same solution as we did using the port voltage basis.

Finally, the frequency sensitivity of the synthesized scatterers is
illustrated by Fig. 18. Again a load B1 is considered to be a capacitor
if positive at fo, Or gn inductor if negative at fo' The frequency sensi-
tivity of the loaded scatterers is seen to increase as the number of modes
used in the synthesis procedure is increased (in the order of increasing
Iunl). It ie interesting to note that the one-port loaded scatterer of
Fig. 15a 1s considerably more broadband then the one-mode syntheasized
scatterer of Fig. 18a. 1In fact, it is not greatly different from the
scattering when all ports are short circuited, Fig. 8b. In this case the
"background scattering" is of the same order of magnitude as that from
the synthesized scatterer, violating our assumption that it should be

small.

1

e e T
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<

-

(a) one port voltage (b) two port voltages

t
yo
4 4
(c) three port voltages (d) four port voltages
Fig. 19. Bistatic scattering patterns (0/)2) for the wire object of 1

Fig. 1 loaded for maximum gain in the -z direction. Curves
labeled x¢ denote ¢ polarization in the x=0 plane. Curves
labeled y8 denote 6 polarization in the y=0 plane.
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APPENDIX B

MAXIMUM CROSS SECTION, SHORT-CIRCUIT FORMULATION

The examples of this Appendix are dual to those of Section VII. The
wire object, Fig. 1, is the same, but the short-circuit formulation is used
for gain maximization. The theory is dual to that summarized in Section VI.
The first example uses port voltages as a basis. Gain is optimized using
first one port, then two, then three, and finally all four ports, added in
the order in which they are numbered in Fig. 1. Once the real port voltages
for maximum gain are found, they are resonated by the method of Section III.
The result is a loaded scatterer having approximately maximum (for the ports
used) backscattering., Table 5 summarizes these results. The first column
shows the ports used, the second column gives the maximum gain for real cur-
rents, and the third column gives the backscattering croas section of the

resonated scatterer.

Table 5. Maximum gain and backscattering cross sections

when port voltages are used as a basis,

Ports Used Maximum Gain Cross Section
1 2.418 0.3054 A2
1,2 2,458 1.139 A2
1,2,3 2.753 1.546 A2
1,2,3,4 3,730 4.046 A2

The bistatic radar cross section patterns (0/A2) for the loaded
scatterers of Table > are shown in Fig. 19. The curves labeled ox¢/A2
are for the ¢-polarized scattered field in the x=0 plane, and those
labeled oye/A2 are for the 6-polarized scattered field in the y=0 plane.
Pigure 19a 1s for the case of only one port loaded, Fig. 19b two ports,
Fig. 19c three ports, and Fig. 19d four ports. The susceptive loads for
the final case, Fig. 19d, are
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Fig. 20. Backscattering (0/A2) vs. frequency (f/fo) for the same loaded

scatterers as Fig. 19.
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xé v x4 v
4¥:: ::T-];

(a) one mode voltage (b) two mode voltages

(c) three mode voltages (d) four mode voltages

Fig. 21, Bistatic scattering patterns (6/72) for the wire object of
Fig. 1 loaded for maximum gain in the -z direction. Curves
labeled x¢ denote ¢ polarization in the x=0 plane. Curves

labeled y6 denote 6 polarization in the y=0 plane.

Lades:



50

o/22

0.1+
0.0t ¢+
3.001 ¢

0.0001 1+

0.8 0.9 .0 1.1 1.2

(a) one mode voltage

0. v
a/r?

0.01 ¢
n.J201 <

0.0001 -

4
—

0.8 0.9 1.0 1.1 1.2
f/f
/ o

(c) three mode voltages

10.
o/r2
1.
0.1 \\\
0.01 ¢ F \'n,,_‘_'____,_/
. >
____.f
-
0.001 1
0.0001 1
+ + — '
0.8 2.9 19 Al
£f/f
(b) two mode voltages
10. 7
o/A2
1. ¢
0.1 1
e
\/ —
0.01 { V(/
0.00!
0.0001 ¢
-+ —t— -+ 4
0.8 0.9 1.0 1.1 !
£/€

(d) four mode voltages

Fig. 22, Backscattering (6/22) ve. frequency (f/fo) for che same loaded

scatterers as Fig. 21.
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0.001215

[
L}

0.002870

-]
n

(59)
0.001036

-]
1

0.000483

The loads for the cases of Figs. 19a to 19c are, of course, different.

The frequency sensitivity of the loaded scatterers of Fig. 19 {s
illustrated by Fig. 20. A load B1 is considered to be a capacitor if
positive at fo’ or an inductor if negative at fo' Note that the one-
load cptimization case, Fig. 20a, is the same as the one-load synthesis

case, Fig. 15a, since the same basis voltage is resonated in both cases.

The second example of the Appendix uses the modal voltages as a
basis for the optimization procedvr., These mode eigenvalues and eigen-
voltages are those listed in Table 4. The gain is optimized using firet
one mode, then two, then three, and then four, added in the order of in-
creasing magnitude of eigenvalues. The optimum gain voltages are next
resonated by the concepts of Section III. The results are summarized
ir. Table 6. It should be noted that we now have loads at all ports of
the loaded scatterer for each case, in contrast to the preceding case,
Table 5, where load: were only placed at those ports used in the basis,
other ports being short circuited.

Table 6. Maximum gain and backscattering cross sections
vhen mode voltages are used as a basis,

Modes Used Maximum gain Cross Section
One 0.60C9 0.01990 A2
Two 0.616 0.08658 A2

Three 2,003 0.4682 22
Four 3.730 4,046 22
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The bistatic radar cross section patterns (0/A2) for the loaded
scatterers of Table 6 are shown in Fig. 21. These are labeled in the
same manner as are those of Fig. 19. The susceptive loads for the final
case, Fig. 21d, are the same as those for the case of Fig. 19d, given by

equations (59). This is because the basis was complete in both cases.

Finally, the frequency sensitivity of the loaded scatterers of
Fig. 21 is illustrated by Fig. 22. Again a load B1 is considered to be a
capacitor 1if positive at fo' or an inductor if negative at fo. Finally,
note that the one-mode optimization case, Fig. 22a, is the same as the one-
mode synthesis case, Fig. 18a, since the same mode was resonated in both

cases.
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APPENDIX C

EXtMPLES OF DIFFERENT OPTIMA IN PATTERN SYNTHESIS

The field magnitude pattern synthesis procedure of Section IV is a
nonlinear one, and may arrive at different optimum points 1if different
starting points are used. Figure 23 gives some examples of this phenomena.
For Fig. 23a, the initial phase angles of the field points were chosen to
be 0 and 180°, alternating between adjacent points. The corresponding case
for which all initial phase angles were chosen zero is shown in Fig. Sc.
Note that the two final patterns are different, although both are reasonable
approximations to the desired pattern. A second example is shown in Fig.
#3b. In this case the initial phase angles of the field points were chosen
to be 0, 90°, 180°, 270°, etc. The corresponding case for which all initial
angles were chosen zero is shovn in Fig. 5d. An example using a voltage
basie is showvn in Fig. 23c. 1In this case the initial angles of the field
points vere chosen to be 0 and 180°, alternating betwveen adjacent points.
The corresponding cass for vhich all initial angles were chosen zero is shown
in Fig. 16b. A final example is showvn in Fig. 234. Once again the initial
angles of the field points were chosen to be O and 180°, alternating between
adjacent pointr. The corresponding case for vhich all initial angles were
chosen zerc is shown in Fig. 13c.
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L 4

(a) three mode currents,
compare with Fig. Sc.

(¢) two mode voltages,

compare with Fig. 16b.

(b) four mode currents,
compare with Fig. 5d.

(d) three port voltages,
compare with Fig. 1l3c.

Fig. 23. Different optimum points for pattern synthesis due to different

choices of initial phase angles.
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PART TWO

COMPUTER PROGRAMS

I. INTRODUCTION

The programs used to compute the examples of this report are described and
listed in this part. Each program is accompanied by an explanation of the
input data, a verbal flow chart, and sample input and output data. In general,
the input data for the program of a given section depends upon the output of
programs of previous sections or of reference [7]. If each program is run with
the input data listed in this report, the input data for any one of these programs
can be verified in terms of the output of programs previously run. The Calcomp

Plotter 1is used only in Section VIII.

II. PATTERN SYNTHESIS

The program (pattern synthesis program) described in this section requires
some data computed by the port parameter program on pages 60-69 of [7). However,
the impedance matrix program on pages 45-52 of [7] and the excitation vector
program on pages 53-59 of [7) must nrecede the port parameter program. The
punched card data for the impedance matrix program is exactly the same as in
[7]. The punched card data for the excitation vector program is altered slightly
to obtain the second and third polarizations (see (103) of (7]) instead of just
the third. On the first data card, NPAT is changed from 1 to 2 and on the third
data card, NPA(1)=3 is replaced by NPA(1)=2 and NPA(2)=3. Except for NPAT and
NPA, the resulting printed output is exactly the same as in [7], but more data
is stored on record 2 of data set 6. The port parameter program is run next
with NT = 145 replaced by NT = 290 on the first data card. Except for NT, the
resulting printed output is exactly the same as in [7].

In the pattern synthesis program, the activity on datc sets 1 (punched
card input) and 6 (direct access input and output) is as follows.
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READ(1,4) NF
4 FORMAT (2013)
DO 62 MF=1, NF
READ(1,4) N,M,NT,N6,N8,¥9,12,13,NIV
READ(1,7) (RE(I), I=1,M)
7 FORMAT(7E11.4)
READ(1,4) (NE(I), I=1,M)
NZ=N#N8
READ(1,71)(FI(I), I=1,6NZ)
71  PORMAT(4E14.7)
READ(1,4) (NST(I), I=1,N8)
NTN=I24+(NT-1)*I34N
REWIND 6
SKIP N6 RECORDS ON DATA SET 6
READ(6) (PP(I), I=1,NTN)
DO 25 J=1,N8
IF(NST(J).EQ.0) GO TO 25
L2=NST(J)
DO 83 L=1, L2
READ(1,7) (ANG(I), I=1,M)
83 CONTINUE
25 CONTINUE
62  CONTINUE

Virtually all of the main program is contained in DO loop 62. There are
N ports at which reactive loads may be placed. The negative of the normalized
electric field at the Ith point on the radiation sphere from one ampere at the
Jth port is stored in PP(I2+(I-1)*13+4J) for I=1,2.. NT. However, the specified
pattern consists of the magnitude RE of the electric field at only the NE(1),
NE(Z)....NE(H)th of these NT points. The basis T& of real port currents appear-
ing in (18) resides in FI((J-1)*N+1) through PI(J*N) for J=1,2,...N8, The iter-
ative procedure for minimizing (21) terminates either as soon as a of (23) fails

to decrease ¢ or after (23) has been evaluated N9 times, whichever occurs first.
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Although the program is documented in terms of the open circuit impedance
formulation which is obtained when NIV#0, the short circuit admittance
formulation can be obtained by setting NIV=0 and by changing I2 so that the
normalized electric field from one volt at one of the ports is referenced in

PP. The variable NIV is necessary because equations (60) and (52) of [7]

are used to ohtain gfc . I&t and -E?c . I&¢ respectively from T8¢ and V°C which
are stored in PP and appear in the table cn page 62 of (7). The ANG(I) read
ineide nested DO loops 25 and 83 is the starting value (degrees) of BI appearing

in (21) when only the first second, ..., and Jth of the N8 basis functions are

used in which case (18) becomes

J

-1

n=l

For a fixed J, NST(J) different starting values of B are tried.

et

a l (11-1)

Minimus allocations are given by |

DIMENSION LR(N8), C(N8*N8)
in the subroutine LIXER and {n the main progras by

COMPLEX PP(I24(NT-1)¢134K)

DIMENSION FI(NeX8), NE(M), NST(X8), RE(M),
E1(M*N8), E2(M*N8), EI(M*X8), E4(M*N8),
B(NB*(N8+1)/2), BB(NB4N8), ES(MANS), E6(M*N8),
E7(M*M), EB(M*M), E9(M*M), E1O(M*M), CS(M),
SN(M), CS2(M), SN2(M), PAT(M), ALP(N8), CUR(N),
ERR(N9+1)

The logic between statements 85 and 86 prints YS' ZS‘ f'c, E:c " Y

*oc‘ und{gﬁc oy which are stored in PP and appear in the table on page 62

v

of [7). Nested DO loops 20 and 21 store the real and imeginary parts of E
of (24) by columns in E1 and E2. Nested DO loops 17 and 67 store the real
and imaginary parts of E% (F is an M by M diagonal matrix) by rows in E3 and
E4. Nested DO loops 26 and 27 store Re(E*E) according to the symmetric mode
of storage in B.

N

T
onez 4

iy,
e

A
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The index J of DO loop 25 indicates that only the first J basis vectors
in appearing in (18) will be used. This means that only the first J columns
of E, only the first .J rows of %?, and only the upper left hand portion of
Re(ﬁaE) will be considered. Nested DO loops 32 and 33 store Re(E;E) by columns
in BB. Statement 44 inverts Re(E;E). Nested DO loopse 34 and 68 store the real
and imaginary parts of [Re(ikE)]-llﬁfl by rows in ES and .E6.

The column vector E of electric fields produced by a of (23) can be written

as
E = [E7)[cos 8] + [E8)sin B+j[E9][cos B8] + §[E10)[sin B) (11-2)
wvhere
(E7] = [Re(E))(Re(E*E) )"} [Re(EP))
(£8) = (Re(E)]([Ra(E*E)) "} (1n(EF))
(11-3)
(£9] = [1n(E)](Re(FoE)) L (Re(EP))
(£10) = (1n(F))(Re(EeE) )" (1n(EP))

and vhere [cos 8) 1s a column vector vhose lth element is cos B.. (sin 8)
is defined similarly. With (II-2), (22) gives the nev § in terms of the
old 3.

(E7 cos B)- + (E8 sin B)-

cos 8. - S3 (11-4)

(E9 cos B)- + (E10 sin B)n
sin 8- - 53 (11-5)

where

s3 -1/((87 cos B)m + (E8 sin B)m)2 + ((E9 cos B)ln + (E10 sein B)m)2 (11-6)

The notation (E7 cos B)m indicates the mth element of the column vector

E7 cos B, In (II-4) and (II-5) the old‘§ is on the right hand side whereas

the new § i8 on the left hand side. The index L of DO loop 83 indicates the
Lth starting value of 2. Equations (II-4) and (II-5) are evaluated for the
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b time in DO loop 47. DO loop 47 stores ¢ of (21) in ERR, the magnitude of

It
the appioximate field in PAT, and cos B‘ and sin Bn of (II-4) and (II-S5) in

CS2 and N2,

DO loop 55 puts the final a of (23) 1n ALP. Depending upon whether NIVe(Q or
not, DO loop 58 puts either the port voltages or port currents in CUR. DO
loop 80 puts the real and imaginary parts of the approximate electric field in
CS and SN.

For the sample {nput and output, the scatterer is the wire triangle of
Fig. S of (7). The magnitude F of the denired electric field pattern is given
by

Fe u.lcoo 6| 1n the x=0 plane (11-7)
Fe ualcon 0| 1n the y=0 plane (11-8)

To obtain a continuous 360° pattern in (11-7), u, = v vhile 0=0 on the positive

z axis, 6=90° on the negative y axis and €0=360° :n the positive z axis. Equation
(11-8) is valid for 6=0 on the positive z axis, 8=90° on the positive x axis, and
6=360° on the positive z axis. Equation (II-7) 1s specified at 0=0°, 30°, 60°,
90°, 120°, 150°, and 180° while (11-8) is specified at 6=30°, 60°, 90°, 120°,

and 150°. Because of symmetry, it would have been redundant to epecify (11-7)

at 210°, 240°, 270°, 300°, and 330° or to specify (11-8) at 0°, 180°, 210°,

240°, 270°, 300°, and 330°. The open circuit impedance formulation (NIV40) is
used with only three basis vectors, the dominant () = -0,1552, A » - 10.12, end

A = - 50,54) mode currents for the unloaded vire triangle. Seven significant
figures vere obtained for L 'ese mode currents by changing format statement 60

in the eigencurrent program mentioned on pages 72 and 73 of (7).
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13

bl

71

26

19

12

“l
11
RS

“2

Ré

N7

DN 13 1=1,0L 61
K2sJo+|

Kisjle+l

SsC(K?)

CIK2)=C(KY)

Cixkl)=S

CONTINUE

LREJIsLR(LRY)

LRILRJI=LR

TECJ=LRED)) 144hyla

JisJl+LL

CONTINUF

RFJURN

FND

COMPLEX PP(323A),117

DIMENSION FIELA)oNFI20) JNST(4)4REI2D)4ELIHO)E2(RO)ZEI(AQ)EL(RD)
DIMENSTON RIT0)RRITIA) JEHIHD) EAL{RO) yF7(144),ER(144),EQ(144)
DIMENSTON E10(164),CST20),SN120),CS2(20)4SN2(20)4PAT(20)4ALP(4)
DIMENSIUN CUR(4) FRR(100),ANGI20)
PR=23,141593/180,

READ(L 94) NF

FIIRMAT (201 3)

WRITE(34k1) NF

FORMATE'O NF/IX,13)

D) 62 MFs) ,NF

READ(] v6) NeMiNT NASNRING, I12,]13,NTV
WRITF(345) NoMeNT NG NRNY,I12,13,NIV
FORMATI'0 N M NT NA MR NY 2 13 MIV'/1IXHI3,14)
READIL1+TI(RE(TI)y1m]m)
FORMAT(TELY,.G)
WRITE(IRIIRE(TI) 1) M)
FORMATI'ORE'/(1XeTELY44))
READ() o) INE(])ol=]l,M)
WRITEI34AIINF(T)eiz]loeM)
FORMAT('ONE'/(1X,2013))

11 =NeNAR

READILWTIVIFI(E) o131 4ND)
FORMAT(GELG.T)
WRITE(3426)(FI (1) el yNZ)
FORMATU('OF I ' /(1XebEl4,eT))

READ(Y ¢%) (NST(1),0=]1,NR)
HRITE(ILI9)INSTI]) o I=]oNNA)
FORMAT('ONST*/7(iX,2013))
NINS[2+(NT=112]3eN

REWIND &

IFING) 11411012

N 41 J=]l N6

READ(A)

CUNTINUE

READIAIIPPLIYI3)4NTN)

NNsNsN

MRITE(3442)(PPI1)s1=]1oNN)}
FORMAT('OYS*/{1XS5E14.T))

Jl1sNNe ]

J282ONN

WRITE(3RG)II(PP(]),I=Jl,J2)
FORMAT('O2S /711X s5E1&T))
WRITE(3,A7)
FORMATI'OISCFSCVDCFOC?)

J2s]2-N-]
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88
HA

45

16

22

21
20

fhé
63
36

37

67
17

728
27

D A6 J=1eM
Jh=J2+(NE(J)=-1)%13
J3=J5+1

Ja=J5+13
WRITE(3,A8)(PP(1),41=03,J4)
FORMAT(1X45E14.7)
CUNTINUE

EF-‘-O-

DO 45 J=1.M
Ek=EE+RE(JI*RE(J)
CONTINUE

WRITE(3476) EE
FORMAT('OSUM RE**2=t,F14,7)
FRR{1)=FF

N 20 J=1,N8

Jl=(J=-1)%M

Je=(J=-1)%N

DO 21 1=1,M
J3=I2+(NF(])=1)%]3
J2=J1+1

U2=0.

DN 22 K=1,N

Ja=J3+K

J5=J6+K
H2=U2+PP {04 ) %F1(.5)
CUNTINUE

E1(J2)=RFAL(1}2)
E2(J2)=ATMAG(U2)
CONTINUE

CONTINUE

IFINIV.EQ.O) GO TO 63

DO 64 J=1,02
El(J)=-E1(J)
E2(J)y==E2(J)

CONTINUE
WRITE({3436)(E1(I)yI=1,7)
FORMAT('OEL1*/(1X,7E11.4))
WRITE{3437)(E2(1),41=1,7)
FORMAT('OF2'/(1X,7El11.4))
Ja=0

DO 17 J=1,NAR

DO 67 I=14M

Ja=J4+1
E3(J4)=EL{J4)*RE(])
Ea(J4)=E2(J4)%RE(T])
CONTINUE

CONTINUE

J3=0

nn 26 J=1,N8

Jl=(J=1) %M

no 27 I=1,.J

J3=J3+1

R{J3)=0,

Jeé=(1=-1) %M

NN 28 K=1,M

Jéa=J1+K

J5=J6+K
B(J3)=B(J3)+EL(J4)%EL(JS)+E2(J4)%*E2(JU5)
CONTINUE

CONTINUF



26 CONTINUE
WRITE(3,4,18)(R(J)yd=1,443)
18 FORMAT('OR'/(1X,7r11.4))
DO 25 J=1,NBR
IFINST{J)EQ.0C) GI) TO 25
JR=0
PO 32 K=1,4J
Je=(K=1}1%J
DY 33 L=1,K
JA=J8+1
J5=J4+L
Je=(L=1)%J+K
RB{JS5)=B( JR)
RB(J6)=BR(JUS5)
33 CONTINUE
32 CONTINUE
44 CALL LINER(J,RB)
DO 34 K=1l.M
Ja=K
DO 68 I=1,.
Jo=(1-1)%y
E5(J4)=0.
E6l{J4)=0,
J7=K
DO 69 KK=1.J
JA=J6+KK
ES5(J4)=ES(JG)+BR(JR)XE3(JT)
E6(J4)=E6({J4)+BRIJR)I*EL(JYT)
d7=J7T+M
69 CONTINUE
Jaz=J4+M
68 CONTINUE
34 CONTINUE
DO 70 K=1,M

Jé=(K~-1)%*M
DD 75 I=1,M
J5=J4+1
E7(J5)=0.
E8(J5)=0.
E9(J5)=0.
E10(J45)=0.
Jb6=K

J7=1

DN 72 KK=14J
ET(IS)=ETLIS)I+EL(JITIRES(J6)
EB(JS)=EB(JS)I+EL(JTI*ER(JI6)
E9(JS5)=E9(JID)+E2(UT)*ES5(J6)
E10(JS)=E10(JB)+E2(JT)%E6(JIh)
JT1=JT+M

Jo=J6+M

72 CONTINUE

75 CONTINUE

70 CONTINUE
WRITE(3,40)

40 FORMAT('0ETLERLETF,EL0?)
WRITE(3¢14I(ETUII)gI=1eT)elEBII)gI=1sT)4(EQ(])yI=1,7)
WRITE(3414)(ELIO(]),41=1,7)

14 FORMAT(1Xs7E11.4)

L2=NST(J)
D0 B3 L=1.,L2

63
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16

15

49

51

52

50

79
o7
53

13

56
5%

59

5A
57

READ(L47)(ANG(T)yI=1,4M)
WRITE(3,1A)(ANGIT)oI=1,M)
FORMAT('OANG*/7{IX7F11,4))
DO 15 K=1,M

ANz ANG (K ) *PR

CS{K)=COS{AN)

SMNIK}Y=SIN(AN)

CINTINUE

N 47 1=1.N9

[72=1+]

ERR(I2)=0,

DO 50 KK=1.M

S1=0,

$?2=0.

Ja=KK

N 49 K=14M
S1=S1+E7(J4)*CSIK)+ERB(J4) ®SNIK)
$2=S2+F9(J4)*CSIK}+E10(J4 ) %SN(K)
Ja=J4+M

CONTINUE

SR=S1=-RF(KK)*CS(KK)
S9=S2=-RE(KK)*SN(KK)
FRR{12)=FRR{I12)+SA%SR+S59::59
$3=SQRT(S1%S51+S2%S5?)
PAT{KK)=S3

IF(S3) 51451,52

CS2(KK)=1,

SN2{KK)=0,

GOy TO 50

CS2(KK)=S1/S%

SN2(KK)=§2/S83

CONTINUE

DO 79 KK=1.M

CS{KK)=CS2(KK)
SNIKK}=SN2(KK?

CONTINUE
TFIERR(12).GE.FRR(1)) GO TO 73
CONTINUE

WRITE(3,53)

FORMAT(' TOU MANY [TERATIONS?)
WRTITE(3,13)(ERR(]),I=1,12)
FORMAT('OERR!'/(1X45E14.7))
DN 5% =1,

J5={1~=1)2M

ALP(]) =0,

nH 56 K=ch

Ja=J5+K
ALPUTL)=ALPIT)+ESTIG)#CSUIK)+EATNG)*SNIK)
CONTINUE

CONTINUF
WRITE(359)(ALP(T)el=],44)
FORMAT('OALPHAY /(1XbE1&.T))
M) 57 1=),N

CurR(l)=0n,

Jés]

D SA K=,
COR{IISCURT] Y eALPIXR)OF] (4]
Jev jeoN

COnNYINUE

CONTINUE



WRITF(3,460)(CURIT)IWI=1,N)
60 FORMAT('OPNRT QUANTITIES*/(1X,4E14,7))
WRITE(3,771(PAT(T),41=1,M)
77 FORMAT('OAPPROX HE|*/({1XsTFE11e4))
D RO K=1.M
CSK)=PAT(K)I*CS2(K)
SHIKY=PAT(K) %SN2 (K)
80 CONTINUE
WRITE(34R1)(CS{K) ¢SNIK) ¢K=14M)
H1 FORMAT('OAPPROX E'/(1XeTELl.4))
A3 CONTINUE
25 CUNTINUE
62 CONTINUF
sTop
END
$SDATA
1
4 12290 2 3 60341 10 1

65

0.1000E+01 D,BA60E+00 0N,5000€+00 0.,0000F+00 0,5000E+00 0.,RAK0E+00 0.1000E+0]

0«RAH60FE+00 0,5000E+00 0.0000E+00 0.5000€+00 0,R6A0L+0D

1 13 25 37 49 61 T3]1581701R2194206

=0.133R342E400 0.43264A0FE+00 0.84186R4E+00 0,9999999E+00
=0.607RY72E+00 0.9999999F+00 0.8054470E+00-0,4457505++00
0.999999KE+00-0.53734H2E+00 0,1367921E-01 0,739A740E~01

0 0 1

0.0000F+00 0.0000E+00 0.0000E+00 0,0000E+00 0,0000E+00 0,0000E+00 0.0000E+00

0.0000F+00 0.0000E+00 0.00007:+00 0,0000F+00 0,0000€+00

$STOP

/%

/7

PRINTED OUTPUT

NF
1

N M NT NA NR N9 [2 13 NIV
4 12290 2 3 60341 10 1

RE

0.1000E+01 0.8B660E+00 0.5000E+00 0,0000E+00 0,5000E+00 0,R660E+00 0.1000E+0]

0.R8660F+00 0.,5000F+00 0.0000E+00 0.5000E+00 0,RAADE+NO

NE
1 13 25 37 49 AY T7315R1701P21942064

F1

~061338342E+400 0.43264A0E+00 0.R41RAAGE+D0 0,9999999E+00
~0.AN0TR1T2E+00 0,9969997E+00 0,8. 5" 70F+00-0,4457505F+00
0.9999996E+N-1,53734R2E400 0.13467921E-01 0.7396740F-01

NST
0o o 1

YS

0.,1917231E-03 0.30A05A2F~02-0,3932747E=-03~0.3190523F=-02=-0,A370GAT70F=03
—0,2%9TA15TE=03-0.,662T2B0E~03 0.,4264351F-03-0,3932752¢-03-0,319A524E-02
0.10966541=02 0,3973222E~03 Q. 1Y9HHGTSE=02 0, 14R2ATOF=-02 0.,22172R93F-02
“0.501A263E-03=N,A3TOATSHF=03-0N,25TA1572F=03 O0,1QRHLTHE-02 0.162AARE-0?
D STRARGTE=02 D059 THE=02 0.43THSALE=02 0.239A9R3E-03-0,AA2T7277F-03



66
066244335F-03 0,2212891F-02-0.5016173F-03 0.,4378552E-02 0.2397003E-03
DeH29ARABKE=-N? 0,1213216F-02

A
0.6553223F+01-0.1816547TF+03 0.7365026F+00 0.,19A5277FE+03 0,.1112900E+07?
~0.3768264F+03-0.112N400E+02 0.2082711E+03 0,7364006FE+00 0,196527RE+03
0.4536248E+01 0,2287910E+03 0,1526020F+02-0,2456085F+03-0,1219231F401
0413194926FE+03 0.1112851F+02-0.3768257E+03 0,1526013F+02-0,245A0R1F+03
0,7751503E+02-0,4TARIBBEHN3 0,449ARYTF+0) 0.445h29AF+03-0.1120363E+02
0.2082705E+4+03-0,1219147FE+01 0,1319923FE+03 0,44963499F+01 0.445h29AE+03
0.1117702F+03-0,4224771E+03

ISC+FSCoVOCHFOC
0e1741995E-01 0.3099H80E-02-0.2802336£-01-0.1126636FE-01-0,45904R3E-01
~0.2377475E-01-0,4675515E~-01-0.3972430FE-01 0.437AR42E+00 0,124T74R7E-01
~0.21926016E+01 0,8147461E+00-046140513E+00-0,1R8180B5E+01-0,7669821E+00
0.564R845TL+00 0.108R37TAE+02 0,5553505€+401 (1.38H72574E-01 0.,190750AE-01
0.1RAR119E=-01-0.449533HE-02-0,371R363F-01 0,4325941E-02-0,6177179E-01
0.5520454€-03-0.6833255F-01-0,8959431FE~-07 0,43R0222E£+00-0,3501515E+00
~0.5804261E+00 0,157536HE+01-04197634AE+00-0.1352030F+01 0, 1R30723E+01
=~0.1114449E401 0.1174516E+02 0.6294250FE+00 0,7380056F=-01 0,3092869E-01
0,4647345E-02-0.72026BRYE=01-0,12627894F=-01 0,49R7016E-01-0,22997R9E~01
0H0ARTSEF=-01-0,2157412E-01 0.8B859092F=01-0.78T7T145E +00-0,R937255E+00
0.1530655F+401-0.6922106E+00~-0431431909E+00-0.2119786F+01-0,1572831E+01
=0.,6904454E+01 (,3430489F+01-0.855A17AF+01 0,1436495E+00~0,9424174E-01
-0e1494A73E-01-0,4051365E-02 0.4730245E-01 0.102429RE-01 0,9114552E-01
0.1C0R7571E-01 0.10718B12E+00-0416655R5E-02-0.9120010E+00 0.5829624E+00
~0e1446554E+01-0,10R7TT79IRE+00-0.2807508E+01 0.1425h66E+00-0,1501971E+02
N0.7355479E+00-0,6440R5TE+01 0.1638210F+01-0,1322157E+00-0,1596093E+00
-0ehAT3H06E-03 N,4352655E~02-0,2714045E-02-0.7BR9325E-01-0,936057RE-0?
~0.,7143170E-01-0,1959864E-01-0,9028465E-01 0,714AR22E+00 0,.AHH6305RE+00
0.1535A20E+01 0,76424402E+00 0.3973961F-02 0,2147792E+01 0.1452603E+00
0.96RTRAESE4N] N.5625T96E+N] 0.6B14459E+01-0,5010319E-01 0.,1602144F+00
~0e16R166TE-02~-0.3633492E-02-0.1996757E-01 0.,4651893E-02-0.5041174E-01
0.4234578E-02-0,6516T90E-01-0.718B8AR9F-03 0,A504440E+00~0,4349312E+00
-0.3145391£+400~-0,1R3Y961F+01-0.3052473E~-02 0.1035116E+01 0,2411313E+01
=N.,BRYYLLIE4OD 0.951534TE+01-0.2054931F+01 0,1R%4154E+00 0,1052294E-01
-0.5152740E-02-0.3682023E-02-0.1282415E-01 0.,1421350E-01~-0.3345024E-01
0.2893564F~-0)-0,4hT4R45FE-01 0,2A53901E-01 0,30RAT27E+00-0.H6145549E+00
=0.2022494E+01-0.1295329E+401~-0.5601563E+00 0.1430530£+01-0.,1017R04E+01
-0,2746R25E+01 0.8093B03E+01-0,519815AE+401 0,1742R24E+00-0,1065023E+00
0el1431R01E-01-0,1A5R45]1F-02-0.24044A2E-01 0.3R204K3E-02-0,4434474F-01
0.5770296E-02-0.5593992F-01-0.5390316F-02 0,4450209F+00-0,3R12340FE+00
~0.245430BE+0]1 0.2150214E+01-0.R735202E+00-0,9312153E+00-0.,1570337E+01
N.2R11C36E+01 0.1159047E+02<-0.3117700E+01 0,2114R47E-02-0,69RT719AF-01
0.9126368BE-02 0.1770929E-03 0.3685936F-02 0,79N4314F-02 0,RAR3IGAR5IE-0?
0.2630038F-01 0.2633312F~03 0,4341792F-01-0,4724065E+00-0.2R30663F+00
0.5215361F+00 0.3AA9RK2E+01 0.9594172FE+00-0,9K796K4E~-O01 0.,4000002E+01
0,459TR1921 +01-0,5549911FE+01-0,1034]170F+02-0.204R4A4E+00 0,977R023E-02
0.1395519¢-01 0.,2344323F-02-0.1712004F-01-0.RR43IR43E-07-0,4445191€E-02
=0, 17T45R68F=01 0,1498R36E-01-0,2014R70E-01 0.1217503E+00 0.,4513527E+00
0.3534557E400 N0,7994)109E-01 0.,1966642E+00-0,7759507E+01 0.9413064E+00
=0.4904129E+01-0.1460495E+401 0.9352454E4+401 0.R914RA4E-0]1 0,20513R1E+00
NebR43IL25E=02=-0,FTOATLRE-02-0,26h2HS5TE-02 0.2066507E-001=-0,294743AE~-02
0.2942693E-01-0.1179760E-01 0.22729091F-01 0.172754%E-01-0,3R3ARISE+00
=0, 96567KT6400 0,30769R2E+01-0.1230765E401-0.411A199C+00~-0,5646402L+01
0.31TANYNE+0L N601%AH2F+0]1=0.7440AR2FE+01 0,AR300726-01-0.170A33AF+00
0.1707TN99E=02 0,440475RF-03 0.,18H2774F-01-0,1394R843F-02 0,4007HA4E-01]
=0,3204948F-02 0,4473A17€-01 0.,5146]11A5E-02-0,522434KE+00 0.250AR3IRF+00
0.1954428F+01 0,248A438F+0] 0.5895611E400-0,A6433392F+00 0.3R1509RF+00



A7
0e46R2900F+01~0.883107RF+01~0.23570%9FE+01-0,194A359F+00~0,224755RF-01

SUM RE%x%2= 0,5499R21F+01

1
—0.1027E+02-0,1378%402-0.1766F+01 0.2011E+02-0,5544F+01-0,1159E+02-0.7265E+01

F2
=0.,5133F+401 0.11056+01 0.1777E+02-0.2334E+01-0,15R0E+02 0,2110£+01 0.A71RE+0]

H
0.1833E+404~0.,2544E+403 0.H790E+03 0.1006E+02-0.2425E+00 0,7154E+02

E7.ER,FQ,EL10
0.1108F+0N 0,9568E-01 0.,8992E-02-0.2236F-01 0,2493E-01 0,7490E-01 0.R747E-0I
0.2542€6-01 0.7104E-01 0.8911E-01-/<3R5RE-03 0,9512F-01 0.570RF-01 0.9009E-02
0,25642E-01-0.18725E-01-/<5267E-01 0.,13ARE-01 0,3R92F-01 0,1195E-01-0.1515E-01
0.1079E+00 0.,RYR1E-01-0,1R89RE-0]1 0.4106E~-02 0,72ABE-02-0,9791E-01~-0.1075E+00

ANG
0.0000£+00 0.0000F+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00 0.0000E+00
0.0000F+00 0.,0000FE+00 0.0009E+00 C.0000E+00 0.0000E+00N .

ERR

0.5999K21E+0])
0.9410038E+00
0.9124985F+00
Ne90h2A44F+00
0.904489AE+00
0.9039018£+00
N.Q03ARKBE+ND
e903A0T76E+00
0.9035755E+00
N0.9035625E+00
0.,9035573E+00
N.9035553E+00

0.,4350671E+01
0.9309457E+00
0.9104964E+00
0.9057275FE+00
N.9043177E+00
0.9038412E+00
0.9034661E+00
01,90359487€+00
0.,49035718E+00
0.9035614F+00
N0.,9035565E+00
0.9035550E+00

0.1010671F+01
0.923RR21E+00
0.908B9RATE+0O0
0.9053047E+00
0.,904179AE+00
0.903790RE+00
0.903A4A9E+00
0.9035910E+400
0.90356R9E+00
0.9035596E+400
0.,90355A3F£+00
0.,90355645E+00

0.3769405E+00
0+91RR403E+00
0.907R3464£+400
0.9049698E+00
0.9040670E+00
0.9037502E+00
0.9034312€E+00
0,9035R51F+00
0,9035666E+00
0.9035591E+00
0.9035559E+00
0.9035543E+00

0.9555495E+00
0.9151R57E+00
0.9069511€E+00
0.9047029E+00
0.9039757E+00
0.9037145E+00
0,90361R1E+00
0.9035797€E+00
0.9035644E+00
0.90355R1€+00
0.9035555E+00
0.9035548E+00

. it oA St .. s . st e

ALPHA
-00e3R7T1064E-01 0.3347580E-01 0.,1049R8R5FE+00

PORT OUANTITIES
0.89R2205t-01-0.396R969E-01-0.4190121£-02-0.5256191E-01

APPROX |E|
0.7563E+00 0.ARYBE+00 0.5140E+00 0,3970FE+00 0.,44h4E+00 0.,546KE+00 0,5912F+00
0.BTH1E+00 0.9036F+00 0,3672E+00 0.74ATE+0Q00 0.70R89F+00

APPRUX E
0.7414E+00 0,1490E+00 0.6693F+00-0,16A7FE+00 0,23R5F-01-0.5134E+00-0.3+30E+00
0.1066F+00 0,158,F+00 0,4173E+00 0.53R4E+00 0.9454E-01 0,5R06E+00-0.1117E+00
. THB4E+00-N.3K21F+00-0,2R3IRF+00~-0.R579E+00-0,967TE-01 0,3542E+00 0,32RTE+00
~0.hT7C5F+00-0.61647E+00-0.3531F+00

ONLY THREE MODF CURRENTS APPEAR [N THE AROVE PRINTED OUTPUT, FOR
RFFERENCE, ALL THE MUDES OF THE WIRE TRIANGLE ARE LISTED RELOW.

PORT MODE VOLTAGES
EIGENVALUE PORT (1) PORT(2) PORT(3) PORT(4)
0.1551H843E+00-0,20536R0F-01 0.1157R23E+00 0.6424R25E+00 0,9999995E+00
0.1011907E+02 0.1904054E+00 0.2523626E+00 0.9999999E+00-0.9255674E+00
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0eH053986E+02 0,999999KE+00-0,2RA727A++00 0,7RR391AE+00-0,404970RE+00
~0.8162234£+03 0.5313363E400 0,9999999E+00-0,674R93RE+00 0,20663ATE+00

PORT MUDE CURRFNTS
EIGENVALUE PORT(1) PORT(2) PORT(3) “0ORT(4)
~0s1551809E+00-0.1338342E+00 0.4326460E+00 0.H&1RHR4E+00 0.9999999E+00
~0.1011935E+402-0,607R172E+00 0.9999999F+00 0,R054470E+00-0.A457505E+00
~0.5054034E+02 0.9999994E+00-0.53736R2E+00 0.1347921FE~-N1 0.7396740E-01
0.,8164128+03 0.5441235F+00 0.9999999F+00-0,2839342F+00 0.77R150AE-01
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I1I. STORAGE OF SPECIFIED AND SYNTHESIZED PATTERNS

The program of this section stores the specified and synthesized patterns
on direct access data set 6 so that they can be plotted by the program on pages
104-110 of [7]. The activity on data sets 1 (punched card input) and 6 (direct

access input and output) is as follows:

READ(1,10) N, NT, NPAT, NF, N6, N7, NPP
10 FORMAT (613, I4)
REWIND 6
SKIP N6 RECORDS ON DATA SET 6
READ(6) (PP(I), I=1, NPP)
DO 17 L=1, NF
READ(1,10) M, I2, I3, N8, NIV
READ(1,45) (NE(I), I=1,M)
45 FORMAT (2013)
READ(1,19) (RE(I), I=1,M)
19 FORMAT (7E11.4)
READ(1,19) (AE(I), I=1, M)
DO 22 K=1, N8
READ(1,23) (CUR(I), I=1, N)
23 FORMAT (5E14.7)
22 CONTINUE
17 CONTINUE
SKIP N7 RECORDS ON DATA SET 6
WRITE(6) (G(I), I=1, JG)

There are N ports. There are NPAT polarizations and NT angles as described
on page 53 of (7). The same port parameters used by the pattern synthesis
program are read in through PP. The real and imaginary parts of the speci-
fied desirable electric field pattern are read in through RE and AE. In this
instance, the program is more general than necessary because the desirable
electric field pattern is specified in magnitude only. This magnitude has
been read in through RE and AE has been set equal to zero. For RE(I) and

AE(I), NE(I) = (K-1)*NT+J indicates the Kth polarization to be stored in PP
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Eh angle. 12, I3, and NIV are the same as in the pattern synthesis

and the J
program. An approximate pattern is defined by its port currents CUR which
appear in the printed output of the pattern synthesis program. For each value
of L, first the M points on the specified pattern, next the NT#NPAT points on
the Kth approximate pattern for K=1,2,,,.N8 are stored in G.

Minimum allocations are given by

COMPLEX PP(NPP)
DIMENSION ANG(NT), RE(M), AE(M), G(JG),
G2(M), CUR(N), NE(M+1)
where

NF
JG = § (M + NBANPAT*NT)
L=l

DO loop 28 stores the specified pattern in both G and G2. DO loop 22 stores
in G the synthesized pattern defined by CUR. DO loop 25 is necessary to
account for the minus sign in (52) of [7]. DO loop 43 obtains the NPAT pola-
rizations and DO loop 26 the NT angles. DO loop 27 is able to accumulate

the normalized electric field in E because PP(J2) is the negative of the

normalized electric field from a unit current at the Ith port.

For the sample input data, CUR is the set of port currents which
radiate the pattern synthesized by the pattern synthesis program. The syn-
thesized and desirable patterns are printed at the 12 points at vhich the
desirable pattern was specified in the pattern synthesis program plus at
the 12 redundant points enumerated in the previous section as well as at
360° for both polarizations for a total of 26 points. The synthesized pat-
tern is stored at every 2.5 degrees in G for a total of 290 points. The
contents of G are written on record 4 of direct access data set 6.
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LISTING OF PROGRAM TO STORE SPECIFIED AND SYNTHESIZEI) PATTERNS n

// (0034,EF420S+1) 4y "MAUTZ 4 JOE' ,REGTIIN=200K

// EXEC WATFIV

//GUFTO6GFO0L DD DSNAME=EEQ034.REVL,DTSP=0LD,UNIT=2314, X
// VOLUME=SER=SU0004,DCR=(RECFM=VS,RLKSIZE=259h4LRECL=2592,X
// RUEND=1)

//GDGSYSIN DD =

$JUIR MAUTZ,TIMF=1,PAGES=30

COMPLEX PP(3236),E
DIMENSTON ANG(145)RE(26),AE(26) 4G(4692)+62(26)yCUR{(4)4NE(27)
READ(1+410) NoNT NPAT NF N6 yNT7NPP

10 FORMAT(613,14)

WRTITE(3,11) NyNT NPATNF4sNAyNT7NPP

11 FORMAT('0O N NT NPAT NF N6 N7 NPP'/1Xy213,15,313,14)
REWIND 6
[FIN6) 12412,13

13 DO 14 J=1,Nb
READ(6)

14 CONTINUE

12 READ(A)(PP(])sI=1yNPP)
WRITE(3,416)(PPII)yi=1,42)

16 FORMAT('OPP!/(1Xs4E1144))
DFEL=360,/(NT=-1)

DD 31 J=1,NT
ANG(J)=(J=-1)*DEL

31 CONTINUE
J6=0
DO 17 L=14NF
READ(1+10) MyI12,13,N8,NIV
WRITE(341R) MyI12,13,N8yNIV

18 FORMAT('0 M 12 13 NB NIV'/1X,413,14)
READIL1445)INE(T) 1=1,M)

45 FURMATI2013)
WRITE(344A4)(NE(T)y]I=]14M)

46 FORMAT('ONE'/(1X,42013))

NE(M+1)=0
READ(1,19)(RE(T)1=1,M)

19 FORMAT(TELLl.4)
WRITE(3,20)(RE(T)41=14M)

20 FORMATIYORE'/(1XsTELL44))
READ(Lo19)V(AEBIT) 121 4M)
WRITE(3,21)(AE(T)]1=214M)

21 FURMAT('OAE'/11X,TEL1l.4))

DO 28 J=1.M

JG=JG+)
G(JG)=SORTIRE(J)I*RE(J)+AE(J) *AEL]))
6G2(J3)=G1JG)

28 CUNTINUE
D) 22 K=] NA
READIL423){CURIT) I=14M)

23 FURMATISELlS,.T)
WRITE(3426)(CUR(II)yI=14N)

26 FIORMAT(*OCUR'/(1X,5E14.7))

JFINIV) 40,39,40

39 WRITEI(3,37) K

37 FORMAT('0' 43X, 'PATTERN OF*413,'TH SET OF PORT VOLTAGES',8X, *SPECIF
11ED DESIRARLE PATTERN')

GO T0 6l
40 WRITE(3,3R) K
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3R FORMAT('0® 43X, "PATTERN OF 'y 13,*'TH SET (OF POIRT CURRENTS',AX, 'SPECIF
1IED DESIRAHKLE PATTERN')
b 25 I=1,4N
CUR{I)==CUR(T)
25 CINTINUE

41 4=\
Jv=0

WRITE(3,42)

42 FORMAT(

ANGLE

REALCED ' oSXy "IMAGUE) " ¢ TX gV |E| V9 TXy 'REALIE) 95X,

TTHAGIE) 'y 7X, Y IE} )
DO 43 LL=1,NPAT
LLK=(LL=1)*%]3%NT+]?2
NN 26 J=1,4NT

E=0.
ne 27

'=19N

J?2=LLK+1

E=F+PP(J2)*CURL(T)
CONTINUE

27

LLK=LLK+I3
JG=JG+1
G(JG)=CARSI(E)
J5=45+1
IFI(NE{J4)NELJS) GI) TO 26

WRITE(3,29)

JazJa+1

29
26
43
22
17

IF (N7

34 DO 36

33,333,134
J=14N7

READ(6)

36
33

CONTINUE
WRITE(KI(GITI)o1=144G)

FORMAT(1X4Fb.146FE12.4)
CONTINUE
CONTINUE
CONTINUE
CONTINUE

WRITE(3,47)(6G(1)41=1,7)

47
STOP
END)
$DATA
4145 2
26341 10

1
1

2 03236
1

FORMAT{'0OG'/1X+TE11.4)

ANGL J) 4EoGLUG) JRELJG) yAF (J4),G2(104)

1 13 25 37 49 61 73 85 9710912113314516A15H170182194206218
23024225426627R290

0.1000£+01
.B660E+00
0.8660E+00
0.5000++00
0.0000E+00
0.0000E+00
0. 0000F +00
0.,0000£+00

sSTp
/%
/7

0.R660E+00
0.5000E+00
0.5000E+00
0.0000F+00
0.0000F+00
0.0000E+C0
0.G000E+00
0.0000FE+00

PRINTED OUTPUY

0.5000E+00
0.0000E+00
0.0000E+00
D.5000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00

N N1 NPAY NF Né& N7 NPP

0.0000E+00
0.5000FE+00
0.5000E+00
N.HAAKDE+NO
0.0000F+00
0.0000F+00
0.0000E+00

0.0000E+00.
0.R9R2205E-01-0.396R9A9F~01-0.,4190121E-02-0.5256191F-01

0,5000E+00
0.R6H0E+00
0.R6K0E+0D
0.1000E+01
0.,0N00E+00
0,.,0000€+00
0.0000E+00
0,0000E+00

0.8660E+00
0.1000E+01
0.1000E+01

0.0000E+L)
0.0000E+00
0.0000E+00

0.1000t+01
0.1000E+01
0.RAAOF+00

0.0000E+00
0.0000E +00
0.0000E+00



VAT U S

Gl4h /

P

1 2 04234

0.,1917F=03 0,30/1E=02-0,3933E-03-0.,3197F~02

M 12 13 NR NIV

26341 10

NF

1

1 13 25 37 49 61 73 85 971091211331465]1441531701R219420A21R
23024225426672TR2490

RE
0.,1000E+01
Ve HOANE+00
0. H660E+00
05000k +00

AF
0.0000F+00
0.0000F+00
0.,0000t+00
0.,0000F+00

D.RABOE+D0
0.5000E+00
0.5000t+00
N.N0000E+00

0.0000E+00
0.0000L:+00
0.2000F+00
00,0000t +00

0.5000¢+00
0.0000E+00
0.0000F+00
N.5000E+00

0.0000E+00
0.,0000E+00
0.0000t+00
0."000E+00

0.0000F «00
0.5000E+00
0.5000F+00
N.RAROF 00

0.0000t+00
0.0000E+0D
0.0000F+00
0.0000F+00

CUR

0.,A9R2205E-01-0,396R969E-01-0,4190121F-02-0.5256191F-01

PATTERN DF
ANGLE RFALIE)

0.0 0.7414E+00
3N, 0 0.6693F£+400
90,0 -0,3R30F+00
120.0 0.[535E0(’0
150.0 0.%3H4E+00
1R0.0 O0.5H06E+00
?210.0 0,53R4E+00
240.0 0.1585E+00
270,00 -0.,3830F+00
300,0 0.,2379€E-01
430,0 0.A693E+0D0
360.0 0.7414E+00

N.0 0,7414F+00
60,0 -0.7R37E+00
AN.0 =0.967KE=-C])
1206.0 0,3286F+00
150.0 -0.6147F+00
18N0,0 -0.5806E+00
2100 =0.A14T7E+00
260,09 0,3286F+00
270,0 =0.,9675€-01]
300.0 -0.,2R37¢+00
330.,0 O0JTHR4E+0O0
360,0 0,7414++00

G

IMAGI(E)
N.14R89€+00
-0.10KHE+00
~0.5134E+00
0.1046F+00
ND.4173F+00
0.96461E-01
~0.1116E+00
0.,94/1E-01
0.4173E+00
0.1046E6+00
=0.9134E+00
~0.166RE+00
0, 1489F+00
0.1489F+00
=0,3R22E+00
-0.A5R0F+00
N,3541F+00
“0.,6705++00
=0,3531F¢00
N, 1114F+00
~N0.,3531F+00
-0.670%E+00
0,3561E200
“0eR519E+00
N, 3H722¢+00
C.14R9F+00

1TH SET OF PDRT CURRENTS

1€
0.75A/2E+400
0.ARURE+00
0.5140E+00
0.3%970€+00
0,64K6F+00
0.54A6K6E+00
0.5912E+00
0.5446E+00
0ebbhbF+00
0.3970€£+00
0.5140F+00
0.hRYARE+0O
0,7562E+00
0. 7562E+00
0.8742F+00
0.9034F+00
0.3871F+00
0, 74A7E+00
0, 70R9F +00
0.5912F+00
0.T090F «00
0., 74ATE+00
0.3A71F+00
0.903AF+00
0.K7A2E+00
0.7562E+00

0.5000r «00
N.HAK0E00
0.R640++00
0.1000K+01}

0,0000&+00
0.0000E+00
0.0000t+00
0.0000F+00

0.RAADE00
0.1000F+0)
0,1000t+01

0,0000F«+00
0.0000E+00
0,0000F«00

SPECIFIFD DESIRAALF

REAL(E)
0.1000E+01
O0.R6&K0E+O0
0.5000€+00
0.0000E+00
0.5000E+00
0., #HA60F+00
0.1000E+01
D.RAARNE+DOD
0.5000€+00
0.0000E+00
0.5000E+00
0.RAARDE+0Q0
0.1000t+01
0,1000€+01
0,RAKDE*DO
0.5000E+00
0.0000F+00
0.5000E+00
0,RAANF+00
0,1000F+0)
Q. AAARDE 00
N.500NE«0Q0
0.0000E +00
0.5000F+00
D ,HAKDE 00
0. 1000E+01

0.,1000E+0]1 0.,RA60F+00 0.5000E+00 0,0000F+00 00,5000k +00

IMAG(E)
0,0000€+00
0.0000E+00
0.0000€£+00
0,0000€+00
0,0000E+00
0.0000E+00
0.,0000t+00
0.0000E+00
0.0000E+00
0,0000€E+00
0,0000k+00
0.0000£+00
0.0000E+0C
0.0000F+00
0,0000€+00
0.,0000E+00
0,0000E+00
0,0000E+00
0,0000€+00
0.0000F+00
0,0000t+00
0,0000E+00
0,0000t«00
0,0000E+00
0.,0000E+00
0.0000E+00

0.RAANF« 00
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0.1000F«01
0.RAADE «0O

0.0000F ¢0OC
0.0000E+00
0.0000F +00

PATTERN
It

0.1000F«0]
N0.PAROE 00
0.50G0F+00
0.0000t+00
0.5000E¢00
N.AAANE « 00
0.1000t+01
0.PANOE 00
0.5000E+00
00,0000t «00
0.5000t+00
0.RAAOF 200
0.1000E+0)
0.1C00F+01]
D.AAAOF N0
0.,5000t +00
0.0000E+0N
0.5000F+00
ND.PAROF 00
0.1000t40)
0.HAROF ¢ 00
0,5000t 00
0.0000E«00
0.50001 ¢00
ND.RARQE*ODD
0.1000t+01)

0.1000F«0)

-

- -
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IV, LOADS FOR MODAL RESONANCE

The progran (modal resonance program) of this section calculates the set
of reactive loads (14) wvhich makes s given real port current an eigencurrent
vhose eigenvalue is zero. The activity on dats sets 1 (punched card input) and

6 (direct access input and output) is as follows.

READ(1,10) NP
10 FORMAT (13)
DO 12 L1, NP
READ(1,13) N, N6, N8, 12
13 FORMAT (313, 14)
NZ = N*N
NPP = 12 + NZ
REWIND 6
SKIP N6 RECORDS ON DATA SET 6
READ(6) (PP(1), I=1, NPP)
DO 20 J=1, N8
READ(1,21) (CUR(1), I=1, N)
21 FORMAT (SE14.7)
20 CONTINUE
12 CONT INUE

The reactance matrix xs in (14) 1s the imaginary part of the impedance matrix found
in PP(I2+1) through PP(I24N*N). The Jth set cf real port currents 1 of (14)

is read in through CUR.
Minimum sllocations are given by
COMPLEX PP(NPP)
DIMENSION X(N*N), CUR(N), XL(N)

DO loop 19 stores (XS] of (14) n X. DO loop 26 puts the largest |11| of
(14) i{n CU, DO loop 23 stores xl of (14) in XL(I). Statement 27 ensures that
11 in the denominator of (14) is at least CU*l,.E-8.

The sample output XL is the set of reactive loads for modal resonance of the
set of real port currents vhich radiate the pattern synthesized by the pattern

synthesis progranm.




LISHING (IF MODAL RESIINANGE PRIIGRAM 75

/7 (003 o EF o 1O0Se1 ) o *MAUTT yJIIEF ! qREGTIINE 200K

7/ bxbC WALV

7700 TOAFONY DI DSNAMESEENDIAREVLDISPeILD,UNIT=23]4, X
// VOLUME = SEFR=SHO00G JHCHE (RFCFMEVS (ALKST7E8299ALRECLE2592,X
1/ Huktiys ) )

7/00,SYSIN DD e

SR MAUT? o TIMES] ,PAGESE2D

CHMPLEXY »PIVON)
DIMENSTON X(SO00) CLURTIIN) «XL(30D)
READI) o100 NF
10 FURMAYEED)
WRITE(3411) WP
11 FORMAT('ONFE?,]3)
M1 12 1 =] NF
READIT13) NoNSNH,I?
13 FIRMAT(3]3,]14)
WRITE(3,164) NyNAGNR,I?2
14 FORMAT('O N NA NR 12'/71%,313,14)
N7 =NeN
NPPE ] 24N
REWiINY &
JFING) 154154164
16 DO 1T JUs) oN6
READ(A)
17 CONTINUE
15 READ(A)I (PP )el=] NPP)
WRITE(341R)(PPIT)sI=1,43)
1A FURMAT('OPPY /1 1X,410E1].4))
1) 19 I=1.N2
J72=]2¢1
X(1)=AIMAG(PP(U2))
19 CONTINUE
M) 20 Js].NR
READLY 21V (CUR(L ) o121 ,4N)
21 FORMAT(5Fl4,7)
WVRITE(322)(CUR(T)oT=1,N)
22 FORMAT('OCUR' /L 1X45E14.7))
cu=0,
NO 26 [s]leN
S1=ARSICURIT))
IFIS1.GT.CU) Cu=sSi
26 CONTINUE
CUR=CU*) . F-R
DY 23 [=]1.N
Jl=(1-1)*N
Sl.o.
DO 26 K=]l 4N
J2=J1+K
SleSleXx(J2)sCUR(K)
26 CONTINUIF
S2=CUR(IT)
27 1F{ARS{S2).LT.CUR) S2=CUBR
x(1)==S1/752
23 CONTINUE
WRITE(3.25)(XLIT),I=1,4N)
25 FORMAT(*OXL'/(1Xs5E14.7))
20 CONTINUE
12 CONTINUE

AL e il
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STOP
END
$NDATA
1
4 2 1 16
0.R982205E-01-0.3968969E-01-0.4190121E-072-0.5256191E-01
$STOP
/=
//

PRINTED OUTPUT

NF= 1

N N6 NB 12
4 2 1 16
PP

0.1917€~-03 0.3061E-02-0.3933€-03-0,3197€6-02-0.6371E-03-0,2>/0E~03

CUR
0.H9R2205E-01-0.,39689Y69E~01~0.4190121E-02-0.5256191E-01

XL .
0.3727910F+03 0.06710123E+02-0.108646RE+05 0.6431934E+03

T
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V. RADAR CROSS SECTION

The program (6/A2 versus angle program) of this section calculates the
radar cross section per wavelength squared o/22 of the N-port loaded scatterer,
For a given incident plauc wave, this program obtains patterns of c/A2 in one
or more of the coordinate planes. . The activity on data sets 1 (punched card

input) and 6 (direct access input and output) is as follows.

READ(1,10) NF, N6W
10 FORMAT (213)
DO 12 JF=1, NF
READ(1,13)N, N6, NQ, NS, NL, NT, NA, NPAT, NIV, NZ, I2, I3, BK
13 FORMAT (913, 314, E14.7)
REWIND 6
SKIP N6 RECORDS ON DATA SET 6
NPP = I2413*(NT*NPAT-1) + N+1
READ(6) (PP(I), I=1, NPP)
DO 22 JL = 1, NL
READ(1,24) (XL(J), J=1, N)
24 FORMAT (5E14.7)
32 CONTINUE
12 CONTINUE
SKIP N6W RECORDS ON DATA SET 6
WRITE(6) (SIG(I), I=1, J7)

Virtually all of the main program is inside DO loop 12. Referring to
the table on page 62 of [7], the given incident plane wave is specified by

V°¢ and ggc . which reside in PP(12+(NA-1)*I3+1) through PP(I2+(NA-1)*I3+N+1).

For each of NPAT patterns, /A2 is evaluated at NT points but is printed at
only the first, the (Ns+l)th. the (2*NS+1)th,... of these points. The N-port
impedance matrix ZS at propagation constant BK resides in PP(NZ+l) through
PP(NZ+N*N) while Vo€ and F¢ - u are in PP(I2+((J-1)*NT+I-1)*13+1) through

PP(12+((J-1)*NT+I-1)*I3+N+1) for the It:h value 0/A2 on the Jth pattern., The
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JLth set of reactive loads s read into XL inside DO loop 22, NIV ¢ 0 obtains
the open circuit impedance formulation while NIV = 0 obtains the dual short
circuit admittance formulation. If NQ is neither 1 nor 2, bcth o3 % and

0/A? are stored in SIG. If NQ = 1, only Yo/2Z 18 stored in SIG. If NQ = 2,
only o/A? is stored in SIG. All of the data (either Va/A? or a/r2) for a given
set of loads is stored in a block in SIG. For the first set of. loads, /57X7 at
the Ith point on the Jth pattern is put in SIG((J-1)*NT+I) and the corresponding
0/32 18 put in SIG(NT*NPAT+(J-1)*NT+I) provided NQ is neither 1 nor 2.

Minimum allocations are given by

COMPLEX C(N*N)
DIMENSION LR(N)

in the subroutine LINEQ and in the main program hy

COMPLEX PP (I2+13*(NT*NPAT-1)+N+1), ZS(N*N), Z(N*N), CUR(N)
DIMENSION ANG(NT), XL(N), ND{(N), D(N), E1(NT*NPAT),
E2(NT*NPAT), SIG(J7)

] set of loads 18 considered in

DO loop 21 puts Zg of (1) in ZS. -The gt
DO loop 22. DO loop 23 puts ZS in Z. DO loop 26 adds the loads to the diagonal
elements of Z. If the ratio of |XL(J)| to the magnitude of the Jth diagonal ele-
ment of ZS 1s greater than 10, then DO loop 29 divides the Jth row and the Jth
column of Z by the square root of this ratio. Statement 28 inverts Z. DO loop 32
is similar to DO loop 29. DO loops 29 and. 32 scale [11] the matrix Z to avoid
excessive round off error in the subroutine LINEQ. Do loops 29 and 32 have no net
effect in the absence of round off error. DO loop 34 puts [ZS + ZL]-IV’oc of (1) in
CUR. DO loop 50 is necessary because (1) is combined with (52) of [7] while, for
the dual short circuit admittance formulation, (7) is combined with (60) of [7].
The Jt:h 0/)% on the LLth pattern is cbtained in nested DO loops 38 and 39. In
DO loop 39, PP(J5) represents E:c of (1). DO loop 39 stores 6/A2 in E2 and

vo/XZ 1in El.

The loads XL for the sample input data are taken from the printed output
of the modal resonance program. The incident electric field is an x polarized
plane wave traveling in the z direction. According to the figure on page 42 of

{7], this plane wave is incident on the tip of the wire triangle. The two
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patterns appearing in the prirted output are the second and third polarizations
of (103) of [7). For proper comparison with the |E| patterns of the pattern
symthesis program, only Yo/3Z 18 stored on record 5 of data set 6. The Vo/A%

patterns on record 5 of data set 6 can be plotted by the program on pages
104-110 of [7].
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LISTING 0F SIGMA )VER LAMRDA SOUAREID VFRSUS ANGLE PROGRAM

// (0044 ¢FF +20S01) o "MAUTZ o JOF ' yREGIIN=200K

// EXEC WAlFLV

//GULFTI0AFONY DD NDSNAME=FFQ034 ,REV] DISP=ILDINTT=23]14, X
// VILUME =SFR=SUQ004 s DCR={RECHFM=VS,RLKST?2E=259A,LRECL=2592,X
/7 RUFNO=1)

/760 SYSIN Dby =

DR MAUTZ + TIMFE=1,PAGFS=40

SUHRNUTINE LINEQ(LL,.C)
COMPLEX CL1I00)STOR,STN,ST,S
DIMENSTION LR{&0)
DO 20 T=1.0L1L
LR{I1)=1
20 CONTINUE
M1=0
N 18 M=1,LL
K=M
N2 I=M,LL
Kl1=M1+]
K2=M1+K
IF(CARS{C(KL})~=CARS(C(K2))) 24246

A K=]

2 CONTINUE
LS=LK(M)
LRIM)=LR(K)
LR(K)=LS
K2=M1+K
STNR=C(K2)

J1=0

DO T J=1,LL
Kl=Jl+K
K2=J1+M
STO=C(K1)
CiK1)=C(K2)
C(K2)=ST0/STOR
Ji1=J1+LL

7 CONTINUE
K1=M]1+M
ClKl)=14/STOR
NO 11 I=1,LL
TF{I-M) 12,411,112

12 K1=M1+1]
ST=C(K1)
CiK1)=0.
J1=0
DN 10 J=1,LL
Kl=J1+1
K2=J1+M
C(KY)=CI{K1)=-C(K2)%ST
J1=J1+LL

10 CUNTINUE

11 CONTINUE
Ml=M1+LL

18 CONTINUE
Ji=0
DO 9 Jy=1,LL
IF{J=LR{J}) lasB,y14

14 LRJ=LR())
J2=(LRJ=-1)=*LL




21

10

11

13

14

15

17
18
16

19

21

23

24

DIY 13 I=1.0L 81
KP2=J2+1

K1=J1+1

S=C(K?2)

CIK2)=C (K1)

CiKl)=S

CONTINUE

LRUJI=LRILRY)

LRILRJ)I=LRY

TF(J=-LR{J)) 14,8,14

Jl=J1+LL

CHONTINUE

RETURN

END

COMPLEX UsPP(3236)42S(100),2(100),CUR(L10),E,CONJIG
DIMENSTOM ANGE145 ) XLE10) 4ND(10) 4DE10),F1(290),F2(290),SIG{4640)
F1A=37A,730

PI1=3,141593

C1=.25%ETA/SORT(PI%PI%P] )

“-'-‘0-01‘)

RFAD(14:0) NFoN&6W

FIIRMAT(213)

VRTTE(3,11) NFNAW

FORMATI'0 NF N6W'/1Xs13,414)

J7=0

DO 12 JF=1,NF

READ(1¢13) NyNAGNO JNSeNLoNT NAGJNPAT(NIV¢NZ,12,13,BRK
FORMAT(913,314,E14.7)

VRITE(3414) NyNO6EoNOGNS NL o NTNASNPAT NIVMN7,12,13,BK
FORMAT('O N N6 MO NS NL NT NA NPAT NIV N7 12 J3V,AXe 'BKY/1X, 71
13,154414,F14.7)

NP1=N+]

JP=]2+(NA-1)%13

NTP=NTXNPAT

NEL=360,./(NT=-1)

DO 15 J=1NT

AMNG{J)=(J=-1)*DFL

CONTINYE

C2=BK*BK*(C1

REWIND 6

TFING) 16416417

DO 18 J=1,N6

REAN(A)

CONTINUE

NPP=12+13%(NT*NPAT-1)+NP1

READIAI(PP(T)sI=14NPP)

VRITE(3,19)(PP(T1),1=1,7)
FORMAT(YOPPY/{1X44E11.4))

MNTP=NT%NPAT

NN=N*N

DO 21 J=1.NN

J1=NZ+J)

75(J)=PPLJI1)

CONTINUE

NN 22 JL=1,NL

DY 23 J=14NN

214)Y=750J)

CONTINUE

READ(1424)(XL{J) yJ=14N)

FORMAT(SEL14.7)
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WRITE(3425) (XL () yJ=14N)
25 FORMAT('OXLY/(1X45F14,7))
J1=1
J2=0
DO 26 J=1,N
Z0J1)=Z2 (I ) +UxXL(J)
S1=ARS{XL(J))/CARSI7S(41))
J1=J1+NP1
TE(S1-10.) 26426427
27 J2=02+1
ND(J2) =Y
N{J2)=1./SORT(S1])
26 CONTINUE
IF{J2.EQ.0) 6O TO 28
DO 29 J=1,.42
J1=ND D)
J3=(J1-1)=*N
NN 30 F=1,N
J3=J43+1}
2443)=20J3)1%D(J)
2031)=2{31)*D())
J1=J1+N
30 CONTINUE
29 CONTINUE
2R CALL LIMEO(N,Z)
IF{J2.EQ.0) GO TO 31
DO 32 J=1442
J1=ND(J)
J3=(J1-1)=*N
DO 33 I=1,N
J3=J3+1
20J3)1=2(43)*D(J)
ZUJ1)=2 (1))
J1=J1+N
33 CONTINUE
32 CONTINUE
31 DO 34 J=1,N
J3=(J-1)%N
CUR(J)=0,
NnO 35 I=1,N
d2=144P
Ja=J43+1
CUREJI=CUR(JY+7 1 J4 )PP ()2)
35 CONTINUE
34 COUNTINUE
IF(NIV.ER.O)} GO T 49
DO 50 J=1,N
CUR(J)==CUR ()
50 CONTINUE
49 WRITEF(3,36) JL
36 FORMAT{'OSCATTERING PATTERN FOR THFE',13,'TH SET OF LOADS')
WRITE(3,37)
37 FURMAT(!' ANGLFE REALCED)Y o5X g "IMAGIE) ' ¢y TXy VIE] " 46Xy 'SIG/(LAM) %%
1)
J1=12
Jh=0
DO 38 LL=1,NPAT
U 39 J=1,NT
J5=J1+NP1
t=PP(J%)



M 40 T1=1,N
J2=01+1
F=b=CUR(T) %PV (17)
G0 CIINTINUE
E=bx(?
Jh=Jh+]
F2006)=E%CUNIGLE)
E1(JAR)=SORT(EZ2(J6))
J3=J4-1
JI=J1+13
TFIJ3/NSENSNELJ3) GO TD 39
WRTITE(3,61) ANGIJ)GELEL1(UR) E2(UA)
41 FORMAT(IX Fh.]144E12,.4)
39 CONTINUE
3R CONTINUE
IFINQ.EN.?2) GO TO 42
DU 43 J=1NTP
J7=47+1
SIG(IT)=F1(J)
43 CONTINUE
42 THEINQ.FQ,1) GO TO 2?7
D) 45 Js14NTP
JT=d741
SIGLITI=E2())
45 CONTINUE
22 CONTINUE
12 CONTINUE
TF(NAW) 4hb4h,47
47 DO 48 )=1,N6W
READ(6)
4R CUINTINUE
46 WRITE(G)ISIGELI)o1=14d7)
WRITE(3,51)1(SIG(TL),1=1,A)
b1 FORMAT('0SIGY'/(1Xs6EL11.4))
S10p
END
SDATA
1 1
4 2 112 1145 73 2 1 16 341 10 0.,19563495E+00
Ne3727910F+03 0.6710123E402-0.10R6468FE+05 0.6431934E+03
$STHP
/%
//

PRINTED OUTPUT

NF N6W
1 1

N NA NOQO NS NL NT NA NPAT NIV NZ 12 I3 BK
4 2 112 1145 73 ? 1 16 341 10 J.1963495E+00

pp
0.19176-03 0,3061E-02-0,3933E-03-0.3197£-0?

XL
0.3727910E+403 0.,6710123E+02-0.10864KRE+05 0.6431934£+03

SCATTFRING PAITFRN FOR THE 1TH SFT OF LOADS
ANGLE REAL(F) IMAGLE) lE| STG/(LAM) %x%2

83
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0.0
3IiN.0
60,0
90,0

120.0
150.0
1R0.0
210.0
?I'Oo()
270.0
300.0
330.0
3A0.0

0.0
30.0
60.0
0.0

170.0
1%0.0
180.0
210.,0
240.0
270,0
300.0
330.0
460.0

SIG

0.6537F+00 0.6533E+00 0.H6524E+00 0.6508F+00 0.A4RS5SE+00 0,H456E+00

0eAS1TH 0D
0.5390F+00
-0.1260F-01
=0.3464F+00
0.11049F«00
0.5461F+00
0.5669E+00
0.54A61F+00
0«.1109F+00
-0.336«&-' +00
-0.1260E-01
0.,5390F+00
0.6517TE+00
0,6517F+00
0.5789F+00
=0.,4713E+00
0.4228F-01
0.1833E+00
-0.67R2E+00
=0.5669E+00
-0.6782E+00
0.1%32E+00
0,4229E-01
~0.4713E+00
0.57TH9E+00
0.A517E400

~0,5051F=-01
-0,27190F+00
=0, 48401 ¢+00
N0,37A7t-01
Neb?222-400
0.5942E-01
=0, 1450+00
N.%942F-01
0.4222++00
0.3767F-01
=0.,4H30£+00
=0.2790E+00
=0,5051FE=-01
~-0.5051F-01
~0e5292E+00
=N,68326+00
0.3540E4+00
=0.7520F+00
=0.2552F+00
0.1850F+00
=0.2552£+C0
=0.7520E+00
0.3540F+00
-0.6842E+00
=-04%292F+00
-0.5051E-01

0.65%27H+00
0.A0AYF+00
0.4R31F+00
0.38R82F+00
Vet 36KF+00
0.5493F+00
0.%9A3E+00
0.5493F+00
0.43KAFE+00
0.3HH2E+00
0.4R31E+00
0.6069F+00
0.6537E400
0.6537F+00
0.7R43F+00
0.8300FE+00
0.35A5€E+00
0.7740F+00
0.724AF+00
N0e5963F+00
0.724AF+00
0.7740E+00
0.3565E+00
0.4300E+00
0.7843E+00
0.6537E+00

0.,4273F+00
0. IAR4LE+0D
0,72334F+00
0.1507E+00
0.190AE+00
0.3017¢+00
0.355AF+00
0.3017€E+00
0.190AE+00
0.1507E+00
0.2334E+00
0.3hR4E+D0D
0,4274E+00
0,4273E+00
0.6151F+00
0.6RR9FE+00
0.1271€E+400
N0.5991E+00
0.5251E+00
043554E+00
0.5251E+00
0.5991E+00
0.1271FE+00
(s ARRIE+0O0
0.6151E+00
0.4273E+00
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VI. OPTIMUM GAIN

The program (optimum gain program) of this section obtains the set of
real port currents (50) which maximizes (55). The activity on data sets 1

(punched card input) and 6 (direct access input and output) is as follows.

READ(1,7) NF
7 FORMAT (2013)
DO 9 JF = 1, NF
READ(1,10) N, N6, N8, NPP, NZ, NV, BK
10 FORMAT (313, 314, El4.7)
READ(1,7) (NST(I), I = 1, N8)
REWIND 6
SKIP N6 RECORDS ON DATA SET 6
READ(6) (PP(I), I = 1, NPP)
NN8 = N*N8
READ(1,17)(FI(I), I = 1, NN8)
17 FORMAT (4E14.7)
9 CONTINUE

Virtually all of the main program is inside DO loop 9. For propagation
constant BK, the N-port imnedance matrix ZS of (1) is in PP(NZ+l) through
PP (NZ+N#N) while V°C of (36) is in PP(NV+1l) through PP(NV4N). The nth basis
vector Tn of port currents resides in FI((n-1)*N+l1) through FI(n*N)., If
NST(J) = 0, then the optimization of (55) with J basis vectors (II-1) is
omitted.

Minimum allocations are given by
DIMENSION LR(N8), C(N8*N8)
in the subroutine LINER and in the main program by

COMPLEX PP(NPP), VC(N8)

DIMENSION NST(N8), FI(NXN8), R(N*N),
RI(N*N8), RCS(N8*(N8+1)/2), V1(N8),
V2(N8), RC(NS8*N8), A1(N8), A2(N8),
ALP(N8), CRL(N), CR2(N), CUR(N)
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DO loop 19 puts [R]) of (34) in R. DO loop 20 puts [R]Tn of (54) in
RI((n-1)*N+1) through R1(n*N), DO loop 23 puts (R] of (55) in RCS using the
symmetric mrde of storage [12]. DO loop 27 puts the real and imaginary parts
of 1°¢ of (55) in V1 and V2.

DO loop 30 maximizes (55) using J basis vectors (II-1). DO loop 31 puts
R in RC by columns. Statement 52 inverts R. DO loop 33 puts the real and
imaginary parts of [ﬁ]-1‘7°c in Al and A2, DO loog 35 and statement 53 put the
maximum gain for complex 2 in GC. The constant %ﬁ? appearing in (40) resides
in C1, The maximum gain for real o will be put in GR. If all of the elements
of either Re(Voc) or Im(Voc) are zero, then GR = GC, C = 1, and the evaluation
of (45) 1s avoided. It was permissible to set C = 1 because (42) does not
depend on C when {°¢ 1e constant phase. The logic between statements 36 and
38 pute (44) in C and, with the help of (42), puts the maximum gain for real
@ in GR. Upon exit from DO loop 40, the real o for maximum gain is in ALP
while the real and imaginary parts of the complex o for maximum gain are in
Al and A2. DO loop 48 puts the real port current I for maximum gain in CUR
after storing the real and imaginary parts of the complex port current f for

maximum gain in CR1 and CR2.

For the sample input data, vee is the set of open circuit port voltages
for an x polarized unit plane wave traveling in the positive % direction. The
basis vectors (II-1) are the three dominant (A = - 0,1552, A = - 10,12, and

A = - 50,54) mode currents for the unloaded wire triangle.
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LISHING (1 (TP TTMUM GATN PRIIGHAM

/1l (ODVL o FE 20841 ) o *MALTT o JUIE Y J0EGTOINGD OO

i/ EXEC WAV

J/7CHGFI0AFOOL DD DSNAMEsEEOOIGAREVIJDISPS(ILDUNET=2 3014, y
// YIILUIME e SERSUO00G ¢ DCAE {REFCFMBYS HIXKST7EE2%0A LUFCLE2S97, X
/7 HUFN()= ] )

/7/GO,SYSIN D) &

S1TH MAUT? o TIME=] PAGFS=3N

C THIS PROGRAM CALLS THE “ATRIX INVFRSI(OIN SURROUITINF LINER LISTED

C WITH THF PATTERN SYNTHESIS PRUGRAM 1) SECTION T}

CIMPLEX PP(4234) V((4)
DIMENSTON NSTEG)oFTI1A)WRITAIGRTIELIA) yHOSTELID)oVEIIG)V2(06),4,RCILAY
DIMENSTUON AY({4) 3 82(4) ,ALP14) 4CRYI(4)4CR2(4),CURI(G)
Pl=3,141593
FY4=376,740
C2=E1A/ (4 ,%p])
READIY,7) NF
7 FORMAT(2013)
WRITE(34R) NF
R FNRMAT('ONF=1,]3)
NN 9 Jr=1,NF
READ(1410) NoeNAJNRyNPPGNZ 4NV, RBK

10 FIIRMAT(313,314,4,E14.7)
WRTITE(3,11) NyNAJNRGNPPNZ 4NV, HK

11 FORMAT('O N N& NR NPP N2 NV AX'RK'/1%,313,314,E14,7)
READ(L4TIINSTLI )4 1=14NR)
WREITE(3412)(NST(1),1=14NR}

12 FIORMAT(YONST/(1X.2013))

RFWIND 6
TFINA) 13,13,14

14 DO 15 J=1 N6k
RFEAD(6)

15 CHONTINUF

13 READ(AY(PP(T),1=1,4NPP)
WRTITE(341A)(PP{T)s1=1,3)

16 FURMAT('0PPY/{1X4AFllea))
NNR=N=NH
READ(14Y7)I(FI(T)sI=14NNR)

17 FORMAT(4EL14,T)
WRTITE(3,1R)(FI(T)sI=1,NNS)

18 FUURMAT(YOFI'/(1X4FEV4,7))
NN=N*N
DO 19 J=14NN
Jl1=J+NZ
R(JI=REAL(PP(J1))

19 CONTINUE
DO 20 J=1,N8
Ji=(J-1)=N
) 21 T=1,N
J3=(1=-1)=N
J2=41+1
R1(J2)=0,

DN 22 K=1,N

Ja=J3+K

Jo=J1+K
RI(J2)1=RI(JI2)+RI4)I%F]I(J5)

22 CONTINUF

21 CUNTINUE

20 CONTINUE
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11+0
(M) 2% Je] JN#
J2ela=1)1ow
(RTINS TN B |
JieJle]
RCSLAL) o0,
Jus{|-1)eN
(M1 2% MmN
RELINPER S
Jhe JheoK
RCSUEJLYERCSEALIeRT LIS ORI (D)
25 CUNTINUE
26 COMTINUE
23 CONTINUE
WRITEL3,26)(RCSIT)I=21,4U1)
26 FORMAT('ORCS'/(1Xy7E1]1,.41))
D27 f=1,NH
vCciiy=0,
JM={l-1)=%N
DO 2R K=1,4N
J2=J1+K
J3=NV+K
VCLI)=VC (T Y+FT(J2)%PP(3)
78 CONTINUFE
VI(I)=REAL(VC(T))
V2(I1)=AIMAG(VCI(I))
27 CUNTINUE
NRITE(3029)(VC(I)vl=1oNa)
29 FORMAT{'CVC'/(1XsTEYIL.4))
C1l=C2*RBK*RBK
DO 30 J=14NB
TFINST(J).EQ.0) GiY TO 30
J2=0
NO 31 K=l
J3=(K=-1)%J
J5=K
DO 32 I=14K
J2=J42+1
Jé=J3+1
RC(J&4)=RCS(J2)
RC(J5)=RC(JI4)
Jo=J5+.
32 CIINTINUE
31 CONTINUE
%2 CALL LINER(J4RC)
S1=0.
$2=0.
DD 33 K=1,.
Al(K)=0,.
A?2(K)=0,.
J3={K=1)*]
DU 34 I=1,J
J1=J3+1
AVIK)=AL(K)+RC (I ) *VIA(T)
A2 (K)=A2(K)+RC(JL1I®V2LT)
34 CONTINUE
S1=S1+ABRS(AL{K))
$2=S2+ARS(AZ2(K))
33 CONTINUE
GC=0,



34
53

3k

39

3R

40
45
46

47

49

48

50

51
30

s$DATA
1

4 2
0 0

N 3 Kz, 89
GC=GR+VIIK)#AY(K)+V2(K)2A2(K)

CONTINUE

GC=6C=C)

JTFIS1%S2.,NF0.) GO T 34

GR=GC

r,:lo

GO Y0 3R

S1=0.

57=0.

$3=0.

MY 39 K=1,.)

S1=S1+V]I(K)®AL1(K)

S72=S2+V2{K)®A2(K)

$3=S3+V1(K)I*AP(K)

CHONTINUE

A=(S1-S2)/(2.%53)

SA=SORT{A%A+1.)

C==A+SIGN{SA,S3)

GR=C1*(S1+C%S3)

N 60 K=sl,.d

ALPIK)I=A1(K)+C*A2(K)

A2(K)==A2(K)

CONTINUF

WRITE(3,4%) GR4GC

FORMAT (Y0 45X 'GRY 4AX 4 'GC'/1X42EL]1.4)

WRTITE(3,46) (ALP(K)K=1,yJ)

FORMAT(YORFEAL ALPHA FOR MAXIMUM GAIN'/(1X,5FE14,7))
WRITE(3,47)(ALIK) A2(K)K=1,yJ)

FORMAT('OCOMPLEX ALPHA F{IR MAXTMUM GAIN'/{1IX,4F14.7))
N 48 K=1,4N

CR1(K)=0,

CR2{(K)=0,

J1=K

N 49 1=1,J4

CRI(K)I=CRLI(K)+FI(JY)*AL(1]}
CR2(K)=CR2{KI+FE(J1)*A2(1])

J1=J1+N

CUNTINYUE

CUR(K)=CR1(K)=C*CR2(K)

CONTINUE

WRITE(3,50)(CHURIK) ¢K=1,N)

FORMAT('OREAL PORT OUANTITIES FOR MAXIMUM GAIN'/(1X,4F14,7))
WRITE(3,51)(CR1I{K)}CR2(K) K=1,4N)

FORMAT('OCOMPLEX PORT QUANTITIES FOR MAXIMUM GAIN'/(1X,4F14.7))
CONTINUE

CONTINUE

ST0P

FND

31066 161061 0.1963495E+00
1

~0.133R342E+00 0.4326460E+00 0.841B6R4F+00 0.9999999E+00
~0.,6078172E+00 0.9999999E+00 0.8054470E+00~0.6457505E+00
0.,9999996E+00-0.5373682E+00 0.1367921E-01 0.7396740E-01

$STOP
/*
//
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PRINTED (WP

NF= ]

N N&6 NR NPP N7 NV BK

4 2 31066 161041 0,19A3495E+00
NS T

0o 0 1
PP

0.1917€-03 0.3061E-02 0.3933F-03-0.3197£-02-0,6371E-03-0,2576E-03

F1

=0.133R342E+00 0.4326460E+00 0,8418AR4E+00 0.9999999E+00
~0.6078172E+00 0.9999999E+00 0.,R054470E+00-0.6457505F+C0
0.9999996E+00~0.53736AR2E+00 0.1367921E~01 0.7396740F-01

RCS
0.1R57E403-0.2441E-03 0.1047E+03-0,5R17E-04~0,2R23E-03 0.,622AE+01

Ve
NeT265E+01--0,671RE+01-0.5377E+01 0,3362E+01-0,1137E+01~0,2486E+01

GR GC
0.1554E+01 0,2440E+01

REAL ALPHA FNR MAXIMUM GAIN
~0.1090493E401 0.9509159E400-0.1265057E+02

COMPLEX ALPHA FOR MAXIMUM GAIN
0.,3912077E-01 0.3617598E-01-0,5133AK6E-01-0.3209720E-01
-0s1R25690E+00 0,39928R82E+400

REAL PORT QUANTITIES FOR MAXIMUM GAIN
-0.130R260E+02 0.7277129E+01-0.3251R9RF+00-0,264027RE+01

COMPLEX PORT QUANTITIES FOR MAXIMUM GAIN
~0+1566013E+400 0.413%9557E+00 0.6369549E-01-0.2310105E+00
-0.1091181E-01 0.1006477E~-01 0.5876725c-01 0.R643705F-01
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Next, the set of real port currents listed under the heading "Real
port quantities for maximum gain' in the printed output of the optimum gain
program was fed into the modal resonance program of section IV. The loads
appearing in the printed output of the modal resonance program were then fed
into the 0/12 versus angle program of section V with the variables NQ and N6W

changed so as to store d/A2 on record 6 of data set 6. The following printed
output resulted.
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PRINTED OUTPHY OF
NFe )

N ONA NR 1)

« 72 1 1A
pp

0,1917F=03 00,3241t -02-0.3933E-03-0,3197E-02-0,A311t=03-0,257TAF=03

CuR

el mOIAL

HESIINANCKE PRIIGRAM

=0 130R2A06¢02 0, 1271717901 1=0,3251KHYAFe¢N0=-0,2h6N2THEF ¢0)

YL

0,725KH3INA2E40T N,101434AF403 0,A5223ATF ¢ 04=0, 3ONSTIKF+N3

PRINTED DUIPOTY 11k THE SIGMA/LLMKHDA SOUARED VERSIIN ANGLF PROGRAM

NFE N&wW

1

N NA& NO NS NL NT NA

“« 2

Pb

0191 TE-03 0.30K16-02-0.3933¢-03-0,3197F-02

XL

2 12 1leS

NPAT NIV
73 ? 1

N2 12 13

In 34}

19

10 0.19A3495¢ 00

0.25R30K2F N3 0, 16143640F+G3 0eAS223ATF¢04-0,300593RF N3

SCAVTFRING

ANGLE
0,0
30.0
0.0
Q0.0
120.0
150.0
1R0,0
210.0
2640,0
270.0
300.,0
330,.,0
360.0
0,0
30.0
60,0
20,0
120.0
150.0
1R0,0
210.0
240,0
270.0
300,0
330,0
360.0

Si6

0.696TE+00 0.6952E¢00 0.AYATEC00 0.AINIEV0 0,70276¢00 0, T071E«00

PATTHEN
REALI(E )
0.A329F «00
0.7219€+00
-0, 2990E+N0O
=N,6324F-0]
0.23R2F«00
=0 .,AB00F+00
~0.7510F 00
“OQH.OOtQOD
0.23R2E+00
=0,4324F-01
=0.2990F «N0
0,7219€+00
0.H329E<00
0,8329F«00
0.62ATE+N0
0,439A8F«00
0.945AF 00
0.6?2T1F <00
0.5RT4&F 00
0.7510F+00
0.5R73t+00
0.A?271F«00
0,945AF+00
0,439RF«00
O.62RTEON
0.,H329E+00

FOR THE JTH SET OF LOADS
IMAG{F) 1€

-0,3128¢F-01 0.k3356+00
=0,4TRIF¢00 0.RAS9F «00
“0,7010F¢00 O0,7421F<00
0.,3059++00 0,3090F+00
=0,H192E+00 O.AAILEQOD
~0.37536+400 0.77A7£400
0.60409€E=-01 0.7523E+00
=0.3753E¢00 O0.77A7c+00
“0,H1926¢00 0.AAIGESND
0,30596¢00 0,3090E+00
~0.,7010E+00 O0.,7421F«00
~0.4TH1E¢Q0 O0.HAS59t <00
=0.312RE-0]1 0,K8335F«00
~0.312RE~-01 O.H335¢¢00
=0.R52RE-01 0.A345E¢00
N,2292E¢00 0., 49A0F«00
0,106AF¢00 0,9514F«00
=0,3244E+00 O0,70A1E+00
=0.h249€-01 0.%5907E+00C
=0,4400F=-01 0.7523E¢00
=0sb6251F=01 0e5407F 00
=0.3244E¢00 O0,70AF«00
0.,1064KE+00 0.9514F«00
0,2292€6+¢00 0.4959E+00
-0.,R%33F~01 O.A3a5F+00
-0.,312RF-01 O0.,R3IIS5E«00

SIG/ILAM) 08)
(ehAYGTEQD
0749700
0.5RORE 00
0,95 76-01]
0,4401E¢(°0
0.4033F«00
0.5A59E 00
0.A033£ 00
0,44L01€¢00
0,956 76-01)
0.5R0RE«00
0,7497€E¢00
0.,A97E+00
D,AQGTE+OO
0,4025€+00
0.24A0F+00
0.9051E 00
0.,49KHAE«0D
0.,36RQE+N0
0.5A59E+00
0434KQE00
0,49RAEO0
0.Q051€+00
0.2659F¢00
0,4025¢€+00
DAY TEOD
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VII. BACKSCATTERING VERSUS FREQUENCY

The program (0/A? versus frequency program) of this section requires

the port parameters 2 qoc. and‘E:' "N at the frequencies of interest.

s’
As a preliminary step, the impedance matrix program, the excitation vector
program and the port parameter programs on pages 45-69 of (7] were run after

insertion of the statements

DO 200 1 = 1, KVl
V(I) = CONJG(V(I))
200 CONTINUE

just after statement 37 in the main program of the excitation vector program.
These 3 additional statements change the incident field from a plane wave
traveling in the minus z direction to a plane wvave traveling in the positive

2z direction. The impedance matrix program and the port parameter program were
run with the G level compiler but the excitation vector progrvam wae run with
WATFIV. 1t has been observed that the particular propagation constant read

in as 0.1963495 is printed correctly by the WATFIV compiler but is printed as
0.1963494 by the G level compiler.

bl T &
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PRINTED DUIPOY UF

NF NA NP NwW

IMPEDANGE MATRIX PROGRAM

RAD

19 & Ve A 0.1600000F+00

B X
2,070 11,4117
=0,5176 =0.7765
=1.03%3 0.0000
=2.0706 =-1,0353
~4 43949 «4 ,A5RT7
=3,1050 =2,0706
5.952H S, AY40
4.1411 3.RA23
0.0000 0.,0000
=3.,AR23 =4,14]]

PY
0.,0000 0,0000
0.0000 0.0000
0.,0000 0,0000
0.0000 0.0000
0.0000 0,0000
0.0000 0.0000
0.0000 0,0000
0.0000 0.0M00
0,0000 0,0000
0.0000 0.0000

p?
1.7274  4.7A15
1.9319 2,.A978
T.7274  7.727¢
15,4548 15,454R
16,6207 17,3847
23,1R22 23,1827
22,2143 21,2504
15,4568 14, 4RR9
1.7274 1.7274
14,4RR9 1 5,454H

LL
1 1R 27 «0 A9 H

HKK

1.5529
=1.0353
1.0353
0,0000
=b Y l 1A
-1.0%53
Heb 452
3.6235
-1.0353
=3.1056K

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0,0000
0.0000
0.0000

S5.7956
3.8637
T.7274
15.4548
18,3526
23.,1R22
20 2R46
13.%230
Te12174
15.654R8

2

le2941
=1.294)
?2.0706
1.03%3
=h.17h4
0,0000
51746
EPELTT
=2.0706
~2.0704

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

“.R296
4,R296
7.7274
15.4548
19,3185
?3.1822
19,3185
12.5570
17274
15,4548

1.03%3
=1.9529
1.8117
2.070A
=5.4352
1,03%3
4,9174
3, 105K
'2. 32"”‘

0.0000
0.0000
0.0000
0.0000
0.0000
0.0GC00
0.0000
0.0000
0.0000

3.8637
561954
6.7615
15.454R
20,2044
23.1R22
14,3526
11.5911
R,6933

0, 7745
-1.K117
1.5529
3.,105K
=5.6940
20704
bohHET
ZoHGTN
-2.5AK?

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.,0000
0.0000

?.R97TA
hoTH1S
5.7954
15.454R
?1.2504
23.1R22
17.3R67
10,6252
99,6593

0.5174
=2.070A
-4, h5RT

4,1411
-50052“

3,04

4, 40999

2.5RA2
=2.R470

0.0000
0,0000
0.0000
0.0000
00,0000
0,0000
0.0000
0,0000
0.0000

1.9319
T.7274
173867
15.454R
22.2163
23,1R22
16,4207
Q.h5Q3
10.6252

0,1,70796F+,0 0. 166R4TIF+00 0,1767165E+400 0.1R2A050F+00
0,.904590E+00 0,1926226£+400 0.1943R59E+00 0,1953ATAE+0ON
C.1973312FE400 0,1983130E+00 0.200276AE+00 0.20223949E+00
Ve?2100939E+00 0,2159H45F+00 0,225A01AH+00 0,235A192E+00

IMPFDANCF MATRIX OF 0ORDFR 3R
N,1962F+01=-0.6556E403 0,1943E+01 0.72897F+03 0,1RAAE+O]

N.1942E+01-0.1A06E+401-0.17R3E+02

IMPEDANCE MATRIX OF (ORDER 3R
0,2214F¢01-0,613RE+03 0.2189F+0]1 0.,2744E+03 0,2117E+40)1 0.514RE+02 0,1647E+00

N, JHANF ¢01=0,1799E+01-0,1332E+0?

PLIJS 17 MORE AFPFARANCES OF TMPEDANCE MATRIX OF ORDER 3R

BRINTED OQUIPUT (F EXCITATION VECTOR PROGRAM

NF N& NP NW NT NPAT

19 2% 96 6 ]

1

0,254R  0.0000
-1.9529 -1,R117
-4,3999 -4,1411
4,399  4,A5H7
~he2117 =5.,17h4
41611 H.l764
4.141) 2.0706
2,3294  2.,0704
=3, 1058 =3,304h
0.0000 0.0000
0,0000 0,0000
0,0000 0,0000
0.0000 0.0000
0,0000 0,0600
0.0000 0.0000
0,0000 0.0000
0.0000 0,0000
0.0000 0.0000
0.9659 0,0000
5.7996 h,T615
16,4207 15,4548
14207 17.3RK7
23,1822 ?23,1K22
23,1422 23.,1R22
15.64564R 15,454R
R.h933 17,7274
11.5911 12.9%70
0.1RA5320F+00
041963494 +0U
0.20A1670E+00

=0.25HA4
=2.0706
=3.105%
“h.1411
~4el6ll
he2117
44 105K
1.0353
~34M2%Y

00000
00,0000
00,0000
0.0000
00,0000
11,0000
0.0000
0.0000
0.0000

0.,9459
7.7274
15.454R
15.,454R
?3.1R22
23.,1R22
1. 056R
1.7276
13.%230

0,56413E+02 0,12RAF+DD



HK

e 1HT0T96F+00
0, 19045%90F+00
0, 19733) 2+ +00
He 2100939400

r A
/
P X
2.0706  1ALLT 1459249 1,72961
0N TR =0,7T7R% -1,03%3 -1,294]
=1.03%3  0,0000 1.,03%3 2.0704
=2.0006 =1,03%3 00,0000 11,0353
=6 439949 =4 65RT =4 ,9)17h =%,]T7hA4
=3,10080 <2, 0706 =1.93%4 00,0000
HJOHPH B RGAN B 615D H5,1TA4
G161l 3,MR23Y 3,A23h 3, dAK4A
Ne0000 00,0000 =1,045% ~2,070A
=3, HR2 A =4, ,1611 =4,10488 =2,0704
vy
0,0000 0,0000 0,0000 0,0000
N,0000 00,0000 0D,0000 00,0000
00,0000 00,0000 00,0000 00,0000
00,0000 00,0000 0,0000 00,0000
00,0000 0.,0000 0D.0000 00,0000
1, 0000 00,0000 0.0000 00,0000
0.0000 0.0000 00,0000 00,0000
0.0000 00,0000 0,060600 0.0000
0,0000 00,0000 00,0000 00,0000
0.0000 00,0000 00,0000 00,0000
w7
1.727¢  A,7TA1S  H,795%R 4 ,H794
169319 2,HA9TR 3,MAY1 4L RIUA
T,7276  T,72T76  1.,72764 11,1274
196541 19 ,45%6H 15,4948 15,4654K
1A.4207 17.38A7 1R.352A 14,3145
7341H22 23,1R22 23,1R27 23,1K22
22.21K3 21,2504 20,7844 19,4]Rs
1h46560 14 ,6RK9 13,5230 12,5570
17276 T,7276  1,7274  1,712174
J4.4RKY 15,6560 |5,454K 15,456R
LL

1 1R 27 40 A9 K2

0e305A9H3E +01-0,%126519E403
=0.2141947F+00=0,4K35K20F+00
0,1917231F=03 0,30A05A2+=-07
0, 10000008401 D,RASYQ9UGE4N0
0.611373KE+00 Q6] 17TRSF 400
DeVAY22T79E+00 NL1A9HAINF400
Ny 19A2249E+01=0,6555750F+03
N,?2213A90E+01-0,6137A73++03
N P26TUYRAE+N]1=0.5TAL23ILF+014
() 264AKRIEFDL=-N,555RA0RF+N]
0.27AR1129F+01-0,542R39AE+073
02RTTTOE+0]1=-0,%4037H6++03
0,2936RT7TE+01-0.5242546E+03
1, 299AA3KE+N]1-0,51429T71F+03
0,302A734E+01-0,51%3A06E+07%
Ne3INHAIHIEADTI=0.5124914F+03
N s0RTIYAF401=-0,508%703F+07
0.3117905E+01-N.506T71A3F+03
N,3179434E+01=-0,%5010RATEH+N]
0.,3261521++401-0,4955A05F+03
N¢3367495F+01=0,4R41%052t 403
Ne36495TTRE+N1-0,6T642R0E+03
N1.3A925H3H+01-0,4595256F+03
N6032207TH+01-N0.4363DA2F+03
Vo6 4-A2 36F+ 1 =0,416HKHA96FH+03

O IAARYTIFAOD D1 TATIGNF 00
N 192672725400 0, 1N63HAU0F ¢0N
D, 19K3140F+00 0,2002THAE+00
D2 199HG%E 400 D,225HD]LHE 200

1.04563%
-|.557"
1.R11)7
2.0T0A
~h b 4h?
1.03%%
LoW17h
3.105H
23294

0.0000
0.0000
0.0000
0.2000
0.0000
0,0000
0.0000
0,0000
0.0000

3.RA37
HeT90A
heThln
15.654R
20.,2R44
23,1p22
1R,352A
11,5911
R,~A9 4%

0, 7745
-l1.H117
| el
2. 105N
=4 JANLI()
2.0704
b AYRT
P HATO
=2 shHRA?

n.0000
0,0000
0,0000
00,0000
0.0000
0,0000
0.,0000
0.0000
0,0000

?.R3TR
Ao TALS
S 79%A
15,6546%4
21.2506
23,1827
1743147
10,4252
Q,AH01

e VR2ANDS O viil
D, luhanTIHY oD
e 200274944t « H1)
e 4%A 11 44 el

(AL XS
=2.010k
el ghnNH]

bolull
=5 .U57H

S. 104K

e 4099

rE%-LLM
=2 .ALT0

0,0000
O, ONO
0,0000
0. 0000
0,0000
0,0000
00,0000
00,0000
0,0000

1.9419
T.72746
17, 4RA7
19445081
22,216}
23,1422
14,4207
9.A599
10,6252

(,25%HK
=1.5524
-t , 390G
YR ELL
=h21101
“.lall}
263246
=3, 10%n

0,0000
0,0000
0,0000
01,0000
01,6000
0, 0000
0,0000
0, 0000
0,0000

N,9A4%4
S, TUSA
1/,64207
Ia, 4207
23,1827
AT L4
15,6%4H
R,A0YY
11.%911

Oe 1 HOS 42000 o (1t
[P I AL VY111
Oy 20n A TOE o b))

00,0000
=le411/
6,611

gt ?
=5, 1 1he

Yol 1t

2t 10H

2etilln
WIYYS

0,0000
0,000
0. 0000
0.0000
D.,0000
3. 0000
0,0000
0,0000
0O, 0000

00,0000
Ao Th)n
15,6544
V7,300 1
23,1422
23,1K272
15,6564
7.727«
12.5%70

L}

=1y /=
«2.,0104
=4, 0
CFEERR]
LA RS LRR
"n?' l !
8, )04
IIUALR]
Ll P A ]

D,0000
00,0000
0,000

(1, DOV
o, hnn
GaDUnI
0,000

04,0000
(1, HONO

TR
Te1216
15,65%6u
19,656n
7‘-'“?4
AT L P4
1S, b6
1,214
13,9740
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v

SOG3IARE eON=0,46093E ¢(10=0, 4215 ¢N0=0,292TF¢00=0),&HARL ¢NN=0, 1536t ¢ 00=-0,5132F 00

S0 RAF =] =0, WHUHE o 11)- 00, | 340 sNO

P INTEO DDIRIIY ()F BORT VARAMETER PR{IGRAK
SNENYT O M N NAY NA NAY MY

19 ) dm & 2% =90 1 1
K

D, 1910T9AF 00
0,190&5%4G0F e 10
0,1973312+ 00
0,2100039F 600

D JAARQUT I EIN
N, INW242 24k 600,
00,1911 30F«00
0,21%YH&st 0D

Na
& w1322 } 2 4 5 A T k
20 21 23 24 2% 26 21 M D49 30 3}

wY NI HMly w1
[ 0 0 0 1 |

0.1787145F¢00
N, V& INH4E eNO
0,2002ThKE 00
,224%KHN01AEe D

D, 1R2A050E 00 0, 1RAS3I20F 00
N.1953A7HE0D 0,19A3496E 00
0,20223490F 00 0,20A1ATOF 00
0,23%4192¢ ¢00

10 11 12
37 33

16 15 14 17 14 14
39 3a 37 3A

MISC NISC XESC #lur NVl «H0C

14,3057 «01=0.5%125% ¢003 0,3011F¢0) 0,23IH2F 0}
“(0e2162F 1 00=0,4A3AF ¢00=-0,1T0AE+00~0,35])3E¢00
0,19174=-C3 0,3INALE=02-0,1933F=-03-0,319T7F-02

N, 100001 O, RAADE«UN O,5000F¢00
N,6116F00 N,&11HFe00 0,&)308¢00
N IAN2E 00 O, 1AYAF DN 0. 170AE00
N0,1902¢+01=0,A55KFeN3 11,194 3E¢0])
Ng22)146teD1=0,A13IHFeN N, 21A4F 0]
Ve 26HNF01=0,5T046t N ),76449F¢0])
Ne2h6T1:-201-0,55%9F 03 N,2A12E0]
0, 2TA It 01 =0,5e2RF«03 0,2723F 01
e 2RTHE 01 =0,5303E¢03 0,72H3TE+01}
N0,293TFeN)=N5263F (13 0,2R04F 0}
0,7997€¢01-0,51K3Fe03 0,2452¢0]
N,3N27He01-0.515%6t 03 N,2981F01]
N,3097F¢01=0,912%t03 0,.1011F01
0,300TFe¢0)1=0,5N9AL N} 0,30640F¢0]
0,31 1HF¢01=0.50ATE+03 0,3070¢0)
0,3179F¢01=0,5011E¢03 0.3129F«01
0,3262F 01 =0,495AF N3 0,3]RGE+Q]
We3IATL01-0,4M6AE eI 0,331 k0]
e 869ht ¢0l-0.klhbt¢03 (1,3435E40]
e 3AN3Ee0]=D,65Y5E¢03 00,3825k 1)
N,6032¢¢01-0,43A3F¢03 (1,39%2¢+01}
OeeINAFe0]l~N 4 |eVEeNY 0,429)+01

\J
=0.314RE¢00 0,4053F00=-0.42)15E+00

?
1,1962E¢01=0.A556E¢03 0.1963F+01

!
0,22166¢01-0.A13RE¢03 0.21R9E+0]

PLIS 1T mOnE APPEARANCES (IF 2,

Py

0.10h&E-03 0.1373E-02-0,1728t-03-

0,0000¢+00
0,%]150t «00
0.1722¢+00
N,2R47€03
00,2764t 03
N.2K09F«03
0.2934L+03
N,264HQE 03
0,26445€+03
N,26724K40)
0.,2603E¢0)3
N,2303F«03
0,23R2E+03
N,2372€+03
0.2342E+03
0,2343€E+003
0.2324E+03
0,722RAt ¢0)
0.2251t +03
N 22C0F N3
0.,2121t 03
0.,2050E¢03

0,2927F¢00-0,4R9AL+00 0,1%34F+00

N0,2R97€E¢03 0,1HARAF«01 0,5 13EeN2

0,2764t+03 0.2117F01 0.516RE0?2

THE FINAL 2 LINES NF PPINTED (ITPUT ARF

0,33376~02-0,2A92E-03-0,A049t-03
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According to the preceding printed output, impedance matrices are on
records 7 to 25 of data set 6, The excitation vectors and port parameters

are on records 26 and 27 respectively.-

In the 0/A2? vercus frequency program, the activity on data sets 1

(punched card input) and 6 (direct access input and output) is as follows.

READ(1,10) NC,N&W
10 FORMAT(2013)
DO 12 JC = 1, NC
READ(1,13) N, NF, N6, NL, NIV, NZ, NV, I3, B
13 PORMAT(513, 314, El4.7)
READ(1,15) (BK(I), I = 1, NF)
15 FORMAT (SE14.7)
REWIND 6
SKIP N6 RECORDS ON DATA SET 6
NPP = NV + (NP-1)*I3 + N+1
READ(6) (PP(I), I=1, NPP)
DO 22 JL =1, NL
READ(1, 23)(XL(J), J=1, N)
23 FORMAT (5E14.7)
22 CONTINUE
12 CONTINUE
SKIP N6W RECOKDS ON DATA SET 6
WRITE(6) (SIG(I), I = 1, J7)

Virtually all of the main program is inside DO loop 12. Of all the propagation
constants BK, B is the particular propagation constant at which the load react-
ances XL are evaluated. The N-port parameter Zs at the Jth frequency resides

in PP(NZ + (J-1)A13+1) through PP(NZ+(J-1)XI34N#N) while V°C and FO° « u_ reside
in PP(NV+(J-1)*I3+1) through PP(NV+(J-1)*I3HN+1). For the open circuit impedance
formulation, NIV ¢ O whereas NIV = 0 for the dual short circuit admittance

formulation. The JLth set of reactive loads 18 read into XL inside DO loop 22.

Minimum allocations are given by

E

T
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COMPLEX C(N*N)
DIMENSION LR(N)

in the subroutine LINEQ and in the main progr.m by

COMPLEX PP(NV4+(NF-1)*134N+1), Z(N*N), V(N)
DIMENSION BK(NF), C2(NF), XL(N), ND(N), D(N),
NC
SIG( ] NLANF)
JC=1
The index JF of DO loop 25 denotes the JFth frequency. DO loop 26 puts
ZS in Z. DO loop 27 adds the reactive loads to the diagonal elements of Z.
If the ratio of the magnitude of the ND(J)th reactive load to the magnitude of
the ND(J)th diagonal element of Zs is greater than 10, then DO loop 33 divides
the ND(J)th row and the ND(J)th column of Z by the square root of this ratio.
Statement 35 inverts Z. DO loop 37 is similar to DO loop 33. DO loops 33 and

37 scale [11]) the matrix Z to avoid excessive round off error in the subroutine

LINEQ. DO loops 33 and 37 have no net effect in the absence of round off error.

DO loop 39 puts V°¢ in v. DO loop 40 accumulates V°° ]-IVOC of (68)

of [7] in EL. In statement 43, PP(J3) is F . of {68) of [7] The constant

C2(JF) = —-—7- is necessary to obtain o/Azwhich 13 subsequently stored in
4n
SIG((JL-1)*NF+JF) for the ant e set of loads and the JF e frequency.

There are two sets of reactive locads in the sample input data. The first
set of reactive loads resonates the set of port currents which radiates the
pattern synthesized by the pattern synthesis program of section II. The second
set of reactive loads resonates the set of port currents generated by the
optimum gain program of section VI. The 38 values of o/A2 appearing in the
printed output are put on record 28 of data set 6. The center frequency men-
tioned in the printed output is the frequency at which the propagation constant
is B. Note that /A2 at the center frequency is the same as 0/A2 at 180° on
the pattern printed by the o/A\2 versus angle program of section V.

AR AR s
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LISHING OF THE STGMA (OVER LAMHRDA SOUARFD VFRSUS FREODUENCY PRIGRAM
/7 (0036 FE20S1 ) "MAUT? 4 JIE (REGTINNE200K
/1 EXEL wadFlV
1/GIHFIDAFO0L 1h) DSNAMESFERON3GREV]I JDISPEIILDtINITE23]4, Y
Iy VEILUIMG = ERESUONNG JDNCHRE(RFCFMayYS KLKST2ER290ALRECL 22502, ¢
/7 HUFNOs )
JIGDLSYSEN Dy @
(WY MAUIT/ s TIMEe] PAGESSLD
t THTS PROGRAM CALLS THE MATRIX THVERSTIIIN SURRNUTINE LINEO LISTED
C Wl TH THE STGMA (OOVEK LAMRDA SOUARE!D) VERAIIS ANGLE PHOIGRAM NIF SECTIHIIN vV

COMPLEX L oPPITOR) 20100 VI&) obLoClIN b CHIK AN
NIPENSTON RKEIY ) oC2019) o XLI&) oy NOIG) o)l ) o SIGIANKY
" IAR3TA,T30
Pleld, 141591
Cla ,258FTA/SQUT(Pleplop])
”'(Ool‘.’
READIL «100) NC oNAW
10 FORMATI201 3)
WRITHE(3,11) NC.NAwW
11 FORMATL'D NC NAM' /11X 3,16}
J1=0
DO 12 JC=) «NC
READUT o13) NoNFoNANLNIVIN? NV, 13,8
13 FORMAT(S]3,3164E15,7)
WRITE(3 )14} NoNF ¢ SoNLINIVINI NV, I3,k
14 FORMATE*O N NF Ne NL NIV N2 NV 130 AX "1/ )Y 4l3,6l6,F14,7)
READ(L 1S )I{RKET) o151 NF)
15 FORMAT(SF14.7)
WRITE(3 4 YAV IRK(] ) o I=) NF)
16 FORMATIYOHRK Y /{1Xe5E14,T7))
REWIND A
FFINAY 1T741741K
1R D) 19 =] N6
RFAD(A)
19 CONTINUF
17 NP]l=Ne}
NPP=NV+(NF=-1)*[3+NP]
READ(A)IPP(T )1 =])NPP)
WRITEL(320)(PP(T1)o1=21,2)
20 FORMAT('OPPY/ILIX.4F1].4))
DO 21 J=1eNF
C2(J)1=C1*BAK(J)2RK (.}
RK(J)=RAX(J) /R
21 CONTINUE
NN=N*N
DI 22 JL=1eNL
READ(1423) (XL L) o= 4N)
?3 FORMAT(SEl4,.T)
WRITE(3424)(XLIJ)}sd=1,N}
24 FORMATI'OXL'/(1Xs5E14,7))
WRITE(3,51) UL
51 FORMAT('ORACKSCATTERING VERSUS RATI(I OF FREQUENCY TO*'/Y CENTER FR
1EQUENCY FOR THE',13,'TH SET OF LOADS*)
WRITE(3,52)
52 FORMAT(?® FREQ® ¢3X o 'REALIE) " 4SX o "IMAGIF )Y 4 TX oV IEI Y oAX,*SIG/(LAMY
152*)
K7=N?
KV=NV
DO 25 JF=1,NF
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2h

24

24
30

s

21

314
33
35

3A
37
34

39

61

40

“?

DO 26 Je ] NN
APANRY Y/

1L))=PP{2)
CONTINUE

120

Jim])

DO 27 ds) N
THIXLLU)) 2H G 2K, 29
XexL(J)/hRL gk )

Go 10 30

X XL L JVOHK( )¢ )
SIsARSIX)Y/CARSIE2 (U1
Ttal)s2 () )eyox
JlsJlenp)
“"Sl"nc’ ?70?7.5'
J2e g2}

NOEJ2)s

NEJ21o) ,/SORTIS))
CONTINUE
1FEJ2,60,0) 600 TO 3%
iy 33 Jel.a2
RELLTII D]
Ji¥stgl-1)on

Ny 36 e} N

Jieg3e)
14J3¥s2 (03 000 )
100102 001 o0t )
JisJleN

CONTINUE

CONTINUE

CALL LINFOINL2)
TFLJ2.E0,0) Gy T 3a
DO 37 U=l J2
J1sNDU )
J3stgl-1l)enN

DO 3R )N
J3xz)3e]
1(J3¥s2(y3)enn( )
tJliszealreniy)
JI1sJl+N

CONTINUE

CINTINUE

IM) 39 J=] 4N

J2= 4KV

VIJ)IsPP2)
CONTINUE

EL=0.

D0 40 J=].N
Ji=(J-1)¢N

ClLR=0,

N 41 Is=]N
Joezg3e+]

CUR=ClIR«2{ Je)oVI])
CONTINUF
FLsEL+CURSYV ()
CONTINUE

J3=KVeNP)

TFINIV) 43,42,43
F=(PPLJ3)-EL)SC2(.F)
GO 1) 53
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o (PPLdd)IerL)OC (k)
J1eJTe])
SIGEIT sk oCUNIGIF)
FlsSO T ESNTGtaT )

W TFl3e%6)
FIMMAT(IX gbh 34tk 12,4)
KlwK]e|3

KysKyel?

CONTINUE

CimTINUE

CUONTINLE

THINAW) @767 4K

M) Y Ju ]} NAW

READ(A)

CUNTINUE

L

?5
??
12
4N

&9

"K(.”‘,c"t"ll‘“l(."”

101

ST WU TE(AYISIGET ol l40T)
PRITECIZHOMISIGII)olm]on)
FORMAY('OSIGY /LK AEL] &)
Stue
EnD
SHAYA

1 0

« 19 26 2 )

50

16 37 42 0,19A395E«00

0,15T0798E 00 N, 1AARYTIECNOD 0, 1747145¢¢00 O, 1124050800 0.1RAS3I20F «00

0, 1906590+ 00
0.1973312¢+00
0.2100939¢+00
0.,37279)10t+03
0.25R30K2E03

(1. 19242256400 0,1943RANF¢00 0, 1953ATHEN0 0, )194A3495E+00

0. 19831 30E¢00 0,200274.468600 0.2022399F¢00 0,20A1470E «00

0.2159R456¢00 0,225K01KE00 0,2359%A193L 00
O0.,6710123F002-0,10hAGAHESDS 0,A&3]1Q34EeN)
0. 1A1636AEeNT 0,A522)IATF¢04~0,3005931CeN}

sS1p
/9@
/7

PRINIED QUIPIN

NC NAW

1 0

N NF N& NL NIV N NV ]} H

« Yo 246 2 1 1A 37 42 0,19A3405F«00

(T3

N, 19T0TVAE*D0 O, 1AARYTF«N0
N,1904590€E¢00 0,1924225+00
0,1973312E+00 0,19R3)30€¢00
0.2100939F¢00 0.2)159VRGHE ¢+ N0

PP

0.17A71&5€4+00
0.1943AA0OF«00
0.200G2164F <00
0.,22%R01RE«0D

N 1R2A050€«00 0,1RAS3I20F 00
0,19%34THESND 0.19A3495E+00
0,2022399F¢00 0,20A1AT0E+00
0.23541Q3F¢00

0.,106&F=-03 0,1373E-02-0.]172RE-03-0,3332€~-02

LIR

0,3727910F 03 0. ATI0123Fe02=-0,100A6AREC0YS 0,A63]1934F+03

RACKSCAYIERING

VERSUIS RATIO NF

FREODUENCY T0 {

CENTER FREQUENCY FNOR THF 1TH SET UF LDADS

FRED REAL(E) IMAGLF) 1€ SIG/(LAM)sse) i
01,R00 =0,A733F=-02 O0.,9202FE=-01 0,922T¢-01 O0,KS}6{=-02

0,50 0.100AF«00 0,14612+¢00 0, 174A7F¢00 0,3194L-01 4
0,900 =0,20/.26400 ~0,249RE+00 0.25239E+00 0,1049E+0D 1

0,930

=0.1340F+0N OJRIRAE-OI

0.159RF+00

0.2552€E-U1
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0.990
0.970
0.9R0
0.990
0,994
1.000
1.00%
1.010
1.020
1.030
1.050
1.070
1.100
1.150
1.200

XL

=0.5R49F=01
0.75R7t=01
0.2212++00
0.4712E+00
0.5796++00
DeHABY9F +(0
0.4275F+00
0. 2h46F+00
0.6259F-01
-0.,1761+-01
=0.,6257+=01
-0.,6923F-01
~0.6765F=-01
=0.67T75F~0)
=0,77A0F=-01

0.1732E+00
0.2658E+00
0.3001F+00
0.212RE+00
0.433AE-01
-0.1850E+00
-0.34R0E+00
-~0.3971£+00
-0.3390F+00
=0.2594FE400
=0.1596E+00
=0, 1088F+00
-0.7074E-01
-0.4406F-01
-0.,2744F-01

0.1828F+00
0.27641+00
0.372RF+00
0.5171H+00
0.5R12E+70
0.549A3F+00
0.5512E+00
0.4772E+00
0,3447FE+00
0.2600F+00
0.1714E+00
0.1289F+00
0.978RE-01
0.8082F-01
0.8231E-01

0.3342F-01
0,7639E-01
0.1390F+00
0.267T4E+00
0.3372E+00
0.3556E+00
0.3038E+00
0.2277E+00
0.11RRF+00
0.,6750E-01
0.2939E-01
0.1662*:'01
0.958R0E=-0)2
0e6532E-02
NehTT4E~-D2

.

0.?2583NA2E+03 N.1614346E+03 0.65223ATE+04-0.300593RF+0N3

BACKSCATIERING VERSUS RATINO OF FREOUENCY TOD
CENTER FREQUENCY FOR THE 2TH SET fiF LOADS

FREQ REAL (F) IMAG(E) 1E| SIG/(LAM) %*%2
0.R00 0,?503E-02 0.8414F-01 0.8417F-01 0.70R5:-02
0.850 0.5783+-01 O.HR61E-01 0.1058F+00 0.1120(-01
0.900 0.1205F+00 0.4872E-01 0.1300E+00 0.1490E-01
0.930 0.1513E+00 -0.7158E-02 0.,1515E+00 0.,2295E-01
0.950 0,1614E+00 ~0.,A851F=-01 N,1754F+00 0,3075E-01
0.970 0.1433E+400 ~0.1756E400 0.226AAE+00 0,5134E-01
0,980 0.,9227€-01 -0.2734E+00 0.28R5F+00 0.R324£~01
0990 -0.1124E+00 -0.4315E+00 0.4459E+"0 0.1989E+00
0,995 -0.,4309E+00 -0.4385F+00 O0.6148F+00 0,37R0E+00
1.000 =0.,7510F+00 0,4410F-01 0,7%22E+400 0.5A591°+(
1.005 -0.3540E+00 0.4775E+00 0.59441400 0.3533E+400
17910 =0,3072F=-01 " .4151E+00 0.,4162F+400 0.,1732E+400
14020 O0.1517E400 0.2160E+00 0,2639F+00 0,6966E-01
1,030 0.189RE+00 0.1039E+00 0,7164F+00 0.4681F-01
1.050 0.1952E+00 ~-0.2097E-01 0.1964F+00 0.3R5AE-01
1.070 0,1746E+00 -N,10D3E+00 0.2014E+00 0.,4057€-01
1.100 0.1189¢+00 -0,1854F4+00 0,2202E+00 0,4R50E-01
16150 -0,2448E=-01 -0.2612FE+00 0.2623E+00 0.6RRO0E-O1
1,200 =0,2026E+00 -0.2384E+00 0.3128t+00 0,9787E-01

SI1G

0.8514FE-02 0,3194E-01 0.1049F+00 0,2552E-0]1 0,3342E-01 0,7639E-01
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VIII. PLOTS

The synthesiz.d pattein, the scattering pattern of the wire triangle
loaded by the set of reactive loads that resonate the set of port currents
which radiate the synthesized pattern, and the scattering pattern of the
wire triangle loaded by the set of reactive loads that resonate the set of
port currents which radiate the optimum gain pattern are plotted from
records 4, 5, and 6 of data set 6 by the plot program on pages 104-110
of [7]).

PRINTED OUIPUT OF PLOT PROGRAM ON PAGES 104-110 OF REFERENCE 7

NF
3

NT NE NEP NS N6
145 4 312 3

|
N1 |
0 0 1 1 1
N2 |
1 3 4 i
}
N3
0 0 1
NSRL
4 0 0
SCAL

0.2000E+01 0.2000E+01 0.2000E+01

0.3057E+01-0,5125E+03 0.3011E+01 0.23R2E+03
=0.2142E+00~0.4636E+00-0.3706E+00~0.3513FE+00

0.1917E-03 0.3061E-02-0.3933E-03-0,3197E-02

SIG
0.1000E+0]1 0.8660E+00 0.5000E+00 0,0000E+00

NT NE NEP NS Né
145 2 212 4

gt
. ' P o
e R R e

Y
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N1

1 1
MNP

1 2
N3

0 1
NSRL

4 4
SCAL

0.2000E+01 0.2000E+01

0.3057E+01-0.,5125E+03 0.3011E+01 0.23R2E+03
~0.2142E+4+00-0,4636E+00-0.3706E+00-0,3513E+00
0.1917E-03 0.,3061E~02-0.3933E-03-0,3197E-02
0.1000FE+01 0.BA60E+00 0.5000E+00 0.0000F+00

SIG
De6537E+00 0.6533E+00 0.6524E+00 0.,A50RE+00

NT NE NEP NS N6
145 2 21?2 5

N1
1 1

N2
1 2

N3
0 1

NSBL
4 4

SCAL

0.2000E+01 0.2000F+01

0.3057E+01-0.5125€E+03 0.,3011E+01 0.23R2E+03
=0.2142E+00-0.4636E+00-0,3706E+00~-0.3513F+00
0.1917E~-03 0.3061E-02-0.3933E-03-0.3197E-02
0.1000E+01 0.R660E+00 0.5000E+00 0.0000E+00
0.6537E+00 0.6533F+00 0.6524E+00 0.6508E+00

S16
0.694TE+00 0,6952E+00 0.A967TE+00 0.6993E+00
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A nev plot program (0/A2 versus frequency plot program) has been written
to plot the data stored on record 28 of data set 6 by the 0/22 versus frequency
program of section VII. The 0/22 versus frequency plot program accepts input
data on data sets 1 (punched cards) and 6 (direct access) in the following manner.

READ(1,10) NC
10 FORMAT (2013)
DO 12 JC = 1, NC
READ(1,13) NF, N6, NE, NEP, B
13 FORMAT(413, E14.7)
READ(1,10) (N2(I), I=1, NEP)
READ(1,10) (N3(I), I=1, NEP)
READ(1,17) (BK(I), I=1, NF)
17 FORMAT (SE14.7)
REWIND 6
SKIP N6 RECORDS ON DATA SET 6
NEF = NEANF
READ(6) (SIG(J), J=1, NEF)
12 CONTINUE

Virtually all of the program is inside DO loop 12. The quantity o/A? for
the Jth set of loads and the It:h frequency is in SIG((J-1)*NF+I) where J=1,2,...NE
and I=1,2,...NF. Among the propagation constants DK, B is the propagation constant
corresponding to the center frequency. The Ith curve to be plotted is that of
o/A2 for the NZ(I)th load set. If N3(I) > 0, the pen draws the horizontal and
vertical axes and moves to the next frame after plotting the Ith curve, If
N3(I) < 0, the pen neither plots any axis nor moves to the next frame after

plotting the Ith curve,

Minimum allocations are given by

DIMENSION N2(NEP), N3(NEP), BK(NF), SIG(NE*NF), Y(NF)

Do loop 19 prepares the horizontal coordinates BK for plotting. The
index L of DO loop 24 denotes the Lth curve to be plotted. DO loop 25 puts

i

B bl s 3
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the vertical coordinates in Y. Statement 31 plots 0/32 versus frequency by
draving straight lines batwveen data points. Statement 27 draws the vertical
axis. The logic between and including statements 28 and 29 puts the scale on
the vertical axis. Statement 30 draws the horizontal axis. DO loop 26 puts

the scale on the horizontal axis.
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LISEING Db STLMA OVER LAMKDA SOLARED VERSHS FREODENCY BLOT PrOIGEAM

/7 (OO0 aFE 4 ol e o 10 "MAUT 2  JUIF Y e G 1IINE | ON
/7 MSGo by MAKE UINE COPY LIF PLOT NUIW ANEY HEILEY NTHER FHIE RLACK INDITA The
77 b0 ri IGT LG PARM (I T S MAD Y
J/FOR ) LSYSIN D e
DIMENSTION AREA(GOD) oNZ2LLIO0) oNILLI00)JRKIH0) o X1EL) oY1 (G),STRIADA)
PIIENSTOIN Y{80)
CALL PLOITIN
CALL PLOTS(AREA,4NQ)
READUTL10) NC
10 FIIRMATI20113)
WRITF(3,')) NC
1] FORMAT('ONG=Y,13)
i 12 JC=14NC
READ(YIv13) NFyNAGNFENEP R
13 FORMAT(4T13,E)4,.7)
WRITE(3,14) NF NAJNENEP R
14 FIIRMAT('O NF NA NE NEP' JAX 'R /1X43]13,14,E14.7)
READULLWIOVIN2LIT) o 1=) oNFP)
WRTITE(IZ1IHIIN2(1)sIz1,NEP)
15 FORMAT('ON2Y/(1X,2013))
READ(L1+I0VINS(T)ol=14NEP)
wRITE(3,16){IN3(])yl=1,NEP)
16 FUORMAT('OM3'/(1X,2013))
READCL 17V UBK(E) o I1=14NF)
17 FIRMAT(SEL4,T)
PRITE(3,18)(KKIT)ol=1oNF)
14 FORMATU'OBRKY/(1X45E14,7))
S1=10./Fk
DO 19 J=1,4NF
RK(2)=S1=RK(.}~-6,
19 CUNTINUE
xX1(1)=1.
X1(2)=1,
Yiill=1,
Yi(2)=17.
X1(3)=1.
Xl(4)=AhA,
Yii3)=i1.
Yl(4)=1,
REWIND A&
TFINA) 20,720,221
21 DN 22 J=14.Nb
READ(A)
22 CONTINUE
20 NEF=NF%NF
READ(AIISIGLU) 4 d=14NEF)
WRITE(3,23)(SIG(J)sJ=14h)
23 FORMAT('OSIG*/(1X46F1144))
DO 24 L=14NEP
JI=(N2(L)-1)*=NF
N0 25 J=1.NF
J2=J+J1
Y(J)I=SIG(J2)
Y(J)=6.+ALOGL0IY(J))
25 CONTINUE
31 CALL LINE(RK{))sY(1)sNF41,0,0)
FFIN3(L)) 24,424,427

=
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21
2R

29
30

26

26
12

/¥

caLL
CALL
CALL
CALL
CALL
CALL
catL
CAaLL
CALL
CALL
CALL
CALL
CaLL
CALL
XAz=6,
XR=1,2

D0 26 J=1,5

XC=XA-,16

CALL NUMBER{XCooeT729el4yXRyDeyl)
CALL SYMAOL(XAvle9elas13,049-1)
XA=XA-1,

XR=XR-,1

CONTINUE

CALL PLOT(74+044-3)

CONTINUE

CONTINUE

CALL PLOT‘500000-3'

ST0p

END

LINFEXY14Y]1,42,1,0,0)

NUMKER ( 05200,93,4.14¢10440,40)
SYMH”L‘l.o7.'cl“'l3vq0-o‘l’
N“M"FR‘96‘05093'0‘401000000)
SYMROL (levbevelael3,90.,-1)
NUMHER(.5206.930-14v.lo0ovl)
SYMRIL (1e95eveléy]13,90,4=-1)
NU"“ER(1“0'3093001A000110002)
SYMROL (1evbaseldy13,90,.4=-1)
NUMARER (42842493 44144.00140443)
SYMANOL(1ee30ve14413,90,,-1}
NHMRER(.16010930014'-0001000'4)
SYMBNL(1e92e44144134904,4-1)
LINFUX1{3),4Y1(3)42+1,0,0)

//GUFTO6F001 DD DSNAME=EEO0034.REV1,DISP=0LD,UNIT=2314,

VOLUME=SER=SU0004 yDCR=(RECFM=VS,RLKST1ZE=259A,LRECL=2592,X

/7
// RUFND=1)
//G0.SYSIN DD *
1
19 27 2 2 0.1963495E+00
1 2

1

1

0.1570796E+00 0.166R971£+00
0.1904590E+00 0.1924225E+00
0.1973312E£+400 0.1983130F+00
0.2100939E+00 0.,2159845E+00
/%
//

PRINTED OUTPUT

NC= 1
NF N6 NE NEP B
19 27 2 2 0,1963494E+00
N2
1 2
N3
1 1
HK

0.1570796E+00 0.166R971E+00

0.1904590E+00 0.1924224E+00
0.1973312E+00 0,19A83130E+00
0.2100939E+00 0.2159845E+00

SIG

0.1767145€E+00
0,1943840E+00
0.20027646E+00
0.225R01RE+00

0.1767145F+00
0.1943859€+00

0.20027#6E+00
0.2258C18F+00

0.1826050E+400 0.1R65320E+00
0.195367RE+00 0,1963495E+00
0.2022399F+00 0.,2061670€E+00
0.2356193E+00

0.1R26050F+00 0.1R65320E+00

0.1953678E+00 0.1963494E+00
0.2022399E+00 0,2061670E+00
0.2356192E+00

0.8514F~-02 0.,3194E-01 0N.1049E+00 0.2552E-01

S o

AbE el o s o v

ol b
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